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Abstract

Deinococcus radioduranis a Gram-positive bacterium known for its extreresistance
to a broad variety of DNA damaging agents. Amongs#) lonizing Radiations and
desiccation are the most harmful for the cell, siticey introduce breaks in the genome.
Double Strand Breaks (DSB) are particularly hazasdtor the cell and they need to be
repaired very efficiently, in order to avoid mutats leading to altered, if not lethal,
phenotypes. Homologous Recombination (HR) is thestnedficient mechanism by which
DSBs are repaired. radioduransis able to completely restore its genome in onlyo8irs,
and it accomplishes the entire process througRéw-OR pathway.

In order to be repaired, DSBs first need to beogaezed. The protein believed to be
responsible for this important step that takesgkmon after the damage occurs in the cell, is
RecN. RecN is recruited at the early stages of Dipair andin vivo studies have
demonstrated its propensity to localize to discfete In vitro studies also suggest that RecN
possesses a DNA end-joining activity previously eslsed for SMC proteins (such as
cohesin), which are structurally related to RecBlve®al structural studies have been carried
out on the SMC-like protein, Rad50, but so far mmctural information is available for
RecN.

The work presented here focused on the structthalacterization of RecN and its
constitutive domains. We obtained crystal structwethree partially overlapping constructs
of RecN and Small Angle X-ray Scattering was perfed on the individual domains and the
full-length protein. The study of RecN in solutioomplemented our crystallographic study
and enabled us to build a reliable, atomic modethef full-length protein. Mutations were
designed and the mutant RecN proteins were produtexdder to characterize the ATP
hydrolysis activity of RecN, which is a conservedtiure of this family of proteins. Extensive
biochemical studies were carried out on wild-typd anutants of both the full-length protein
and the single domains, in order to determine tie and function of each of the domains.
Our results led us to propose a model for how Rexdht recognize DSBS, tether two broken
DNA ends and prepare the DNA for subsequent rdpaihe RecFOR machinery.



Résumé de thése en francais

Deinococcus radiodurangst une bactérie a gram-positive connue pour strérae
résistance a une grande variété d'agents endomnta@BN. Parmi ces derniers, les
rayonnements ionisants et la dessiccation sontplas nocifs pour la cellule, car ils
introduisent des cassures dans le génome. Les reassiouble brin (CDB) sont
particulierement dangereuses et doivent étre répadé facon tres efficace, afin d'éviter
'apparition de mutations pouvant mener a la maetld cellule ou de l'organisme. La
recombinaison homologue (RH) est le mécanisme Us pfficace pour la réparation des
CDBs.D. radioduransest capable de restaurer entierement son génorageime 3 heures,
et elle accomplit |a totalité du processus parmi@ WRecFOR.

Afin d'étre réparées, les CDBs doivent d'abord &connu. Cette étape importante, qui a
lieu peu de temps apres l'apparition du dommage tkaeellule, implique la protéine RecN.
RecN est recrutée dés les premieres étapes dpedatiédn de 'ADN et des étudesvivo ont
démontré qu’elle avait tendance a se localiser dimssfoyers discrets. Des étudesvitro
suggérent également que RecN favorise I'assembdagéagments d’ADN, une fonction
décrite précédemment pour les protéines SMC (tplke cohesin), qui sont structurellement
similaires a RecN. De nombreuses études structuraie été effectuées sur la protéine de
type SMC, Rad50, alors qu'a présent aucune infoaomagtructurale n’est disponible pour
RecN.

Le travail présenté ici a porté sur la caractédgsastructurale de RecN et de ses
domaines. Nous avons obtenu les structures chigalbe trois constructions (se chevauchant
partiellement) de RecN et une étude de diffusioes thyons X aux petits angles a été
effectuée sur les domaines séparés de RecN e4 guotéine entiére. Les données obtenues
en solution ont complété notre étude cristallogigysd et nous ont permis de construire un
modele atomique de la protéine entiére. Des muisiomt €té congues et les protéines mutées
ont été produites et utilisées pour la caractéosate l'activité d'hydrolyse de I'ATP
caractéristique de cette famille de protéines. &esles biochimiques approfondies ont été
effectuées sur les différentes constructions eeintatde RecN afin de déterminer le réle de
chacun des ses domaines. Nos résultat nous ontspdenproposer un modeéle qui explique
comment RecN reconnait les CDB, maintient les dexixémités de I'ADN, et prépare

I’ADN pour la réparation par les protéines RecFOR.
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Summary of chapter 1

This first chapter provides a thorough introductio the main topic of this work. DNA
lesions need to be repaired in order to avoid nartatand cell death. Causes of DNA damage
and processes involved in the repair of such Issée discussed in this chapter. Moreover, a
presentation of the process of Homologous Recortibman eukaryotes and prokaryotes,
which involves the RecN protein, is provided.

A paragraph describes the extreme radiation-gagistbacterium Deinococcus
radioduransand the principal mechanism underlying its exulaary ability to efficiently
repair its DNA. The role of Mrel1l-Rad50 complextie repair of double-strand breaks is
also discussed, together with an overview of theicBiral Maintenance of Chromosomes
proteins involved in DNA cohesion. Finally, thisagter presents our current knowledge

regarding bacterial RecN proteins.

Résumé du chapitre 1

Ce premier chapitre propose une présentation @mplu sujet principal de ce travalil.
Les Iésions de I'ADN doivent étre réparées afimitdéles mutations et la mort cellulaire. Les
causes de ces dommages et les processus impligngsad-éparation de ceux-ci sont discutés
dans ce chapitre. Par ailleurs, une présentatioprdoessus de recombinaison homologue
chez les eucaryotes et procaryotes, ce qui implapeotéine RecN, est proposeée.

Un paragraphe décrit la bactériegeinococcus radioduransgonnue pour sa haute
résistance aux rayonnements et le mécanisme pairicigpermettant de réparer efficacement
son ADN. Une discussion du réle du complexe Mreati%0 dans la réparation de cassures
double-brin et une description générale des pregide la famille SMC (Structural
Maintenance of Chromosomes) impliquées dans la stiohéde I'ADN sont également
proposées. Pour finir, ce chapitre présente lesaissances actuelles concernant les protéines

bactériennes, RecN.



1.1. DNA Damage and Health

1.1.1. Structure of DNA

DNA is the molecule encoding all the genetic infation of an organism. Its double
helical arrangement was discovered by Watson atck @r the 1950’'s (Watson & Crick,
1953). DNA is a polymer of nucleotides, which inrttare made up of a deoxyribose, a
phosphate group and one of the four nitrogenousshasdenine (A), Thymine (T), Cytosine
(C) or Guanine (G). Since all the necessary infoionafor synthesising RNA and proteins is
codified in a single DNA strand, it is not surpnigithat protection of the genome is a real
priority for both eukaryotic and prokaryotic celivery event that causes modification to the
DNA should therefore be avoided. The consequentd3NA damage are rather diverse:
short-term effects arise from disturbed DNA metédm] triggering cell-cycle arrest or cell
death. Long-term effects result from irreversiblaitations contributing to oncogenesis
(Hoeijmakers, 2001).

The intrinsic structure of DNA as a double helixsharovided, throughout living
organisms’ evolution, a suitable substrate for sterage of the genetic information. As a
consequence of this structural organization, DN#agt carries a backup copy of its genetic
information on the opposite strand, so when orensltlis damaged, the other one can, when
necessary, serve as template for repair. Only avieyges use single stranded DNA or RNA
for storing genetic information. The size of thgemomes, most probably, is not big enough

for being targeted by the DNA damaging agents (Atbet al, 2008).

1.1.2. Lesions in DNA

DNA damage occurs in all living cells and in hugmounts, i.e. on average 1 million
lesions per human cell per day (Alberts et al, 2088ch damage might occur at the level of
the DNA structure, through a chemical change inetheoded base (Figure 1) or by inducing
single or Double Strand Breaks (DSB), or at thellef the genetic code, through alteration
of the genetic message due to mutations. Eukangotit prokaryotic cells have therefore
developed DNA repair mechanisms that efficientipose the lesions.

Endogenous and exogenous DNA damage (Table 1)aptaycial role in mutagenesis,
carcinogenesis and aging (Best, 2009; De Bont &hamebeke, 2004). While the former can
arise as product of conventional cellular metaboli€xogenous damage is produced by
external agents. Both types of damage need toflugeetly and rapidly repaired in order to

avoid changes in the information encoded in theogen
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Figure 1: Summary of the modifications that canuodo DNA nucleotides. Arrows indicate the possiites of
attack of oxidative damage (red), hydrolysis (blaa§l methylation (green) "Copyright 2008 froftolecular
Biology of the Celby B. Alberts et al. Reproduced by permission aflénd Science/Taylor & Francis, LLC."

Despite its very high stability, the structure oN® can be affected by hydrolysis,
oxidation, alkylation (Figure 1) and base pair masches. Endogenous, spontaneous
hydrolysis leads to the cleavage of the glycodidind linking the deoxyribose to the nitrogen
base and to the formation of an abasic site (conyneamed AP, apurinic/apyrimidinic)
(Table 1). This occurs very frequently (50,000-B00, per genome per day in humans)
(Nakamura & Swenberg, 1999). AP sites trigger stligins of base pairs (Lawrence et al,
1990) and can also result in frameshift mutatiolem@g the genome (Jackson et al, 1998).
Reactive oxygen species (ROS), such a§ 6,0,, OH and Q°, resulting from metabolic
reactions can, in addition to modifying the chermpraperties of the DNA bases, also cleave
the phosphodiester backbone of the DNA and intredsingle- and DSB (De Bont & van
Larebeke, 2004). Such damage can also be initigteddiolysis of DNA. Direct and indirect
formation of single strand breaks can occur on DiNA (Figure 2). In the first case the
hydrogen abstraction by OHcauses the solvolysis of the 5'- and 3'- phosphate the
indirect mechanism, damage to the nitrogen baseltsesn a spontaneous or enzymatic
hydrolysis of the glycosidic bond, which produce/s? site (Figure 2). A specific lyase will
then cleave the phosphate from the nucleotide (@xigimnian & Taylor, 2000).
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Figure 2: Single strand breaks are the result dfdiysis. This can be direct (top) or indirect ¢oat). Figure
taken from (Ordoukhanian & Taylor, 2000).

X-rays, Ultra-Violet (UV) radiation and a broadriety of chemicals represent a source
of serious damage to the cellular structure (Hogjens, 2009). One of the most hazardous
sources of DNA damage is UV-radiation, which leddsthe formation of highly toxic
molecules, such as cyclobutane-pyrimidine dimerBX§) and 6-4 photoproduct (6-4PP)
(Sinha & Hader, 2002). The most dangerous typeADesion is represented by the DSBs,
which occur to both DNA strands, therefore leavimggintact genetic template for accurate
repair. DSBs, if not properly repaired, can leaghioomosome fragmentation and, finally, to
loss of gene structure during cell division (Allseet al, 2008). Table 1 also reports some of
the most common sources of DNA damage and the nuailbesions per day/cell is very high
for sunlight exposure, which is one of the besih@gxas of how environmental conditions can

affect human disease (melanoma in this particudaer



Endogeneous DNA | Dose exposure (Gy) DNA lesions Number
damage generated Lesions/Cell/Day
Depurination n/a AP site 10,000
Cytosine deamination n/a Base transition 100-500
Oxidation n/a 8oxoG 400-1,500
SAM-induced n/a 7meG 4,000
methylation
Exogenous DNA Dose exposure (Gy) DNA lesions Number
damage generated Lesions/Cell/Day
Peak hr sunlight n/a Pyrimidine dimers, (6 100,000
4) photoproduct
Cigarette smoke Aromatic DNA 50-1,000
adducts
Dental X-rays 0.005 DSBs 0.0002
34 treatment 70-150 DSBs 2.8-6
Airline travel 0.005/hr DSBs 0.005
Chernobyl accident 300 DSBs 12
Hiroshima atomic 5-4000 DSBs 0.2-160

bombs

Table 1: Endogenous and exogenous DNA damage augunreukaryotes. The type and number of lesiars p
cell are reported (Ciccia & Elledge, 2010).

1.1.3. DNA damage and Disease

It has been estimated that fewer than one in 1i2G@ changes result in a permanent
mutation (Alberts et al, 2008). DNA damage is oftjgalar interest in the field of oncology,
since genomic alterations and mutations can leazhtcer and other diseases (a short list is
presented in Table 2). Moreover, cellular DNA regaithways (8 2) are starting to be viewed
as new targets for drug discovery, since the itibibiof such mechanisms can improve the
efficacy of current chemotherapeutic drugs thagetrthe replication of cancerous cells
(Helleday et al, 2008).



Name Phenotype Enzyme or process affected

Xeroderma pigmentosum Skin cancer, UV sensitivity, | Nucleotide Excision Repair

(XP) neurological abnormalities

XP variant UV sensitivity, skin cancer | Translesion synthesis by DNA

polymerase)

Ataxia telangiectasia (AT) Leukaemia, lymphoma;ray | ATM protein, a protein kinase

sensitivity, genome instability activated by DSBs

BRCA2 Breast, ovarian and prostate | Repair by Homologous
cancer Recombination (HR)
Fanconi anemia groups A-G | Congenital abnormalities, DNA interstrand cross-link

leukaemia, genome instability repair

46 BR patient Hypersensitivity to DNA- DNA ligase |
damaging agents, genome

instability

Table 2: List of some of the diseases associatddmiitations in DNA repair proteins (Alberts et2008).

1.2. DNA repair pathways

12.1. DNA Damage Response

In order to maintain the integrity of genetic infation, cells have developed multi-
protein complexes able to recognize and repaiohssito DNA while, at the same time,
stalling the machinery involved in cell cycle pregsion. The mechanisms deployed are
components of the DNA Damage Response (DDR) (FigyreDDR involves a complex
kinase signalling cascade, which is very conseed elaborate in eukaryotes (Harper &
Elledge, 2007) and recognizes and repairs all type®©NA lesions, especially DSBs.
Detection of DNA damage is a crucial step for refatiation and in higher eukaryotes, the
ataxia telangiectasia mutated (ATM) kinase is of¢he leading proteins involved in this
process together with the Mrell-Rad50-Nbsl mediatmmplex (MRN), which will be
described later.
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Figure 3: Cellular pathways induced by the DNA Dagmd&esponse pathway. Figure taken from (Harper &
Elledge, 2007).

1.2.2. Multiple DNA repair pathways

Specific mechanisms have evolved in order to regiffierent types of DNA damage.
Single base mutations are managed by the Basei@x&epair (BER) pathway; mismatches
deriving from errors in DNA replication are takeare of by the Mismatch Repair system
(MMR); pyrimidine dimers, created by photochemicahctions occurring on the DNA
(Goodsell, 2001), are recognized and repaired ley Nlncleotide Excision Repair (NER)
pathway (Ciccia & Elledge, 2010).

BER and NER (Figure 4), involve the excision ofe tllamage, followed by
replacement of the missing nucleotides through Dplymerase activity that uses the
undamaged DNA strand as a template (Alberts e2@08). BER, as shown in Figure 4A,
recognizes the modified base through the actiospetific DNA glycosylases, which create
an AP site at the site of base damage. Specifiorardeases then cleave the phosphodiester
backbone, leaving a gap to be filled by DNA polyass. NER (Figure 4B), in contrast,
repairs more extensively damaged regions, suchagdsulting from excessive exposure to
sunlight (causing pyrimidine dimers) or of covaleniteraction with carcinogenic
hydrocarbons. These kinds of damage lead to disterin the double strand DNA (dsDNA)
structure. Once NER has sensed the topologicalgehdahe mechanism of repair begins with
a nuclease that cleaves the bulky lesion. The utedlafragment is then removed, as a
consequence of the action of a specific DNA heé¢casnd the gap refilled by a DNA

polymerase (Fuss & Cooper, 2006).
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Figure 4: Example of BER (left) and NER (right) [patiys. A) In BER a single damaged base is cleayeitid
concerted action of specific glycosylases. Onceptiesphodiester moiety has been removed, DNA paiysee
can fill the gap of the single nucleotide. B) In RIEexcision of the damaged site is achieved byrauthe DNA
on either sides of the lesion. Helicases unwindDN&A duplex locally and DNA polymerases fill theterded
gap (~30 nucleotides). "Copyright 2008 fraftolecular Biology of the Celby B. Alberts et al. Reproduced by
permission of Garland Science/Taylor & Francis, LLC

1.2.3. DSB repair pathways

Breaks occurring in the phosphodiester backbohbesth DNA strands are particularly
hazardous for cells, because they can leave notitegmplate available in order to repair the
DNA by NER or BER (Alberts et al, 2008) (Figure 4SBs need to be repaired very
efficiently in order to avoid cell-cycle checkpoiatrest, which can in some cases be lethal
(Kinoshita et al, 2009) and to avoid breakage & thromosomes into small fragments
leading to loss of gene organization (Alberts e2808). DSBs are processed by two different
pathways: Non-Homologous End JoiningHEJ) and Homologous Recombinatior RR)
(Figure 5). The main difference between these tveahmanisms resides in the fact that NHEJ
alters the original DNA sequence (causing eithdetdms or short insertions), while HR
restores the full integrity of the damaged DNA,hwito loss of genetic information (Alberts et
al, 2008).



1.2.3.1. Non homologous end-joining repair pathway

NHEJ (Figure 5A) is particularly important in remag DNA that then undergoes
DNA replication, since homologous substrate for fRyure 5B) is not yet available at this
step (Wang et al, 2003). NHEJ has been suggestesl titte main DSB repair pathway during
the G phase of the mammalian cell-cycle (Burma et ab&0Ilt acts by bringing together the
broken DNA ends and then inducing strand ligatigralDNA ligase. The full process takes
place very rapidly following DNA damage, but, urtforately, is error-prone (Burma et al,
2006). NHEJ can repair DNA breaks with little or homology in cases where there are no
repeat regions flanking the DSBs, and as a resajt lead to possible insertions or deletions
in the genome (Wyman et al, 2009). During NHEJ DNAds are ligated without any
requirement for strand exchange or the availabalititomologous duplex DNA. In eukaryotic
cells, NHEJ is carried out by thé complex (formed by Ku70 and Ku80), possessing DNA
end-bridging activity, a protein kinasBNA-PK) which signals the damage for recruitment
of the repair machinery, a potential DNA-end preagg enzyme Artemis) and, finally, a

ligase complexXRCC4-Ligase IV in mammalg (Burma et al, 2006).

(A) NONHOMOLOGOUS END JOINING (B) HOMOLOGOUS RECOMBINATION
accidental double-strand break

———— /_ _\_ o
e — ——————— e e sister
%}:hromatids
loss of nucleotides loss of nucleotides
due to degradation due to degradation
from ends from ends
— N — —
N I I ———————————————————

end joining end processing and
homologous
recombination

“]

_———
— e
A

deletion of DNA sequence
damage repaired accurately using
information from sister chromatid

Figure 5: Comparison of NHEJ and HR. A) NHEJ qujcklins broken DNA ends, occasionally removing 1-2
nucleotides, thus leading to mutations. Howeves ih tolerated by the cell since NHEJ preferalbdguws in
somatic cells. B) HR, in contrast, repairs the dgenwith no loss of information from the DNA. "Copyint
2008 from Molecular Biology of the Cellby B. Alberts et al. Reproduced by permission adrlénd

Science/Taylor & Francis, LLC."

In Saccharomyces cerevisjdeased on mutational studies that led to impagned-
joining activity, the Mrell-Rad50-Xrs2 compléMRX) is also thought to be involved in
NHEJ, (Moore & Haber, 1996). In bacteria, recentlfings regarding homologues of the Ku
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protein complex and of a mechanism involving a DiWfase DNA ligase D (Della et al,
2004) have started to shed light on the role of NHE repair of bacterial chromosomes
(Shuman & Glickman, 2007).

1.2.3.2. Homologous Recombination pathways

DSBs can result in genome rearrangements thattmitcarcinogenesis or cell
apoptosis (Hoeijmakers, 2001). However, controiietiction of DSBs can also be beneficial
in the case of events that demand genome rearramesuch as the development of the
immune system (V(D)J recombination) or during msiog$Schatz & Spanopoulou, 2005;
Yabuki et al, 2005). As seen above (Figure 4 andliBing organisms have therefore
developed efficient mechanisms in order to countatee hazardous effects of adverse DSBs
and, in parallel, promote the favorable effectconmtrolled DNA rearrangement (Schatz &
Spanopoulou, 2005; Yabuki et al, 2005).

double-strand break
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1 strand invasion .. RecA/Rad51
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\
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DNA synthesis and migration
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1 continued branch migration, followed by pairing of newly
synthesized DNA with top strand and top-strand DNA synthesis

VW wun

l DNA ligation

5
3
3
5

DOUBLE-STRAND BREAK IS ACCURATELY REPAIRED

Figure 6: DSB repair by HR. This process takesehaben the sister chromatids are still close tdhesber in
order to allow strand invasion to occur. Once thdamaged strand is available, the DNA polymeragestart
synthesising new, intact DNA. "Copyright 2008 fraviolecular Biology of the Celby B. Alberts et al.
Reproduced by permission of Garland Science/T&lbrancis, LLC."
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Homologous Recombination (Figure 5B and 6) iswfdamental importance in three
processes: the accurate repair of DSBs, the bypgdiation fork arrest caused by the
presence of nicks or gaps on ssDNA and, finallg,dkchange of genetic information during
meiosis (Alberts et al, 2008). Despite the divgrsimong all kingdoms of life, it has been

demonstrated that HR processes are common tollal(\@&yman et al, 2004).

1.3. Homologous Recombination

1.3.1. HR in eukaryotes

A schematic of the HR process is shown in Figur&lt first step of HR involves the
tethering of broken DNA ends, necessary for initiating théssequent processing of such
ends into single-stranded tails with 3’-hydroxyl eolvangs resection process). These
overhangs are required fatrand invasion (Figure 6). The Mrell-Rad50-Nsbl (MRN)
complex, in humans, or the MRX complex, in yeasg @@sponsible for creating these 3'-
overhangs suitable for HR (Longhese et al, 20101 has both single strand endonuclease
and 35’ double strand exonuclease activity and it cardfore process the 5’-DNA strand
for generation of the required overhang (Williantsag 2008). The Mrell-Rad50 (MR)
complex is one of the first factors detected at DDN8Bs (Lisby et al, 2004). In humans the
MR complex forms oligomeric architectures (notaalyvh:R, heterotetrameric arrangement)
that bind to different DNA molecules, taking adwage of a very long coiled-coil structure
(150-600 A long) (de Jager et al, 2001; Hopfnealet2002; van Noort et al, 2003). DNA
binding then acts as a conformational switch in M@ complex that favors interaction
between coiled-coil apexes (Figure 7) of differammplexes and thus enhances DNA
tethering as could be shown by single-molecule intagxperiments (Moreno-Herrero et al,
2005). A more detailed description of the MR compiell be given in 8 5.5.

Base pairing between the damaged DNA strand antidimologous strand is the major
requirement for HR to act efficiently. To fulfiligrequisite, it is important that the “afflicted”
strand does not base-pair with the complementagglithy” one, but only with a second DNA
molecule (Alberts et al, 2008). In eukaryotes theombinasdrad51 protein is loaded onto
the ssDNA in order to avoid the self base-pairinfg tlie damaged strand with the
complementary one. Functional Rad51 nucleoprotdamént is essential to allow the
formation of a hybrid DNA through the pairing of ethdamaged ssDNA with the
complementary strand in a different homologous d&DiNolecule. Thisstrand invasion
process is carried out by Rad54 and other recormbméHeyer et al, 2010). In eukaryotic
cells the process, which involves formation of Rel51 protein nucleo-filament, has inverted
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polarity compared to that in bacteria (Murayamale008) and occurs in 3> 5’ direction.
Branch migration is the next step of the HR process. An unpairgoreof the ssDNA
(coloured in green in Figure 6) invades the undadaduplex DNA and base pairs with the
homologous sequence, constituting a branch poifierdards, the branch point can move
along the DNA, displacing the resident strand, ezittpontaneously in both directions or in
one specific direction, through a protein-directedchanism (Alberts et al, 2008). The last
step, before the DNA polymerase fills the remaingap and a DNA ligase catalyses the
phosphodiester bond formation, involves teslution process. During this step, a four DNA
stranded cross-shaped architecture, knowHakday junction (Holliday, 1964), is cleaved
by specific enzymes, which are callegsolvasesIn eukaryotic cells, several proteins are
known to act in resolution of Holliday junctiongicluding Mus81, Yenl and SIx1-SIx4
(Svendsen & Harper, 2010) (Table 3).

Figure 7: Different models proposed for the intéiacof the MR complex with the dsDNA. The archiige of
the tail-to-tail MR complexes can suggest a medmarfor bridging sister chromatids. Alternativethie head
domains of two MR complexes can bind separate br@gA ends, inducing a structural re-arrangemeritivh
allows them to be tethered. Finally, circularizataf a single MR complex (as supported by electnicroscopy
studies) could contribute to productive repair iiken DNA ends. DNA tethering is mediated by thiecbcoil
domain, which could form a dimeric structure wigingith up to 1200 A. Figure taken from (Hopfnerlg2@02).
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1.3.2. HR in prokaryotes

1.3.2.1. A stepwise process

In bacteria, once the DSB is recognized, RecQcasd and Recl 5 3’
exonuclease resections the DNA ends in order taterthe 3’ overhangs (Amundsen &
Smith, 2003). After these processes take place)diading of a recombinase protein onto
processed DNA ends, which catalyzes the exchangeasé-paired partners between two
DNA molecules, represents the second step of HRn(Ki Cox, 2002). The bacterial
homologue of the eukaryotic Rad51 proteinRiecA, which binds tightly to ssDNA in a
cooperative manner, giving rise to a filament aftpins along the strand (Figure 8). Cycles of
association/dissociation from the DNA are regulatgdATP hydrolysis, which also confers
to RecA the capacity to topologically modify the Bidround it (Cox, 2007). RecA has more
than one DNA-binding site and, can therefore binthlihe single-stranded and duplex DNA
(Figure 8) required for initiating thetrand-invasion process (Lusetti & Cox, 2002). A
heterodupleXDNA molecule is formed that can be further extehofesize by DNA helicases
through a process calldatanch migration, which gives rise to Holliday junctions. As in

eukaryotes, specific proteins cleave these junstaomd the DNA gap can then be filled.

}

INPUT E OUTPUT
RecA protein

invading
single strand

three-stranded structure

Figure 8: Representation of bacterial RecA, homalsgto eukaryotic Rad51 protein, forming nucleogirot
filaments wrapping around the damaged ssDNA andN\dsDf the sister chromatids. The entire process is
regulated by ATP hydrolysis. "Copyright 2008 froWolecular Biology of the Celby B. Alberts et al.

Reproduced by permission of Garland Science/Ta&lBrancis, LLC."

The HR pathway irE. coli comprises three important steps: (1) fite-synapsis,
where DNA ends are processed for proficient recoatibn to occur; (2) thesynapss,
leading to the formation of a joint DNA moleculetiveen the newly created DNA end (step
1) and the homologous dsDNA template; (3) pbst-synapsis and resolution, where DNA is
repaired and the resolution of the Holliday juncsiooccurs (Wyman et al, 2004). The
proteins participating in these processeE.icoliare listed in Table 3.
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Stage of HR Proteins
Process mediated
E.coli
Pre-synapsis End-processing RecBCD, RecQ, RecJ
Negotiating ssSDNA SSB
Recombinase loading RecBCD, RecFOR
Synapsis Joint molecule formation by strand | RecA
invasion
Post-synapsis | Branch migration RuvAB
Resolution of crossed DNA strands| RuvC

Table 3: Proteins participating in the various etagf HR, as identified by biochemical studiesdctbrial cells
(E. col)) (Wyman et al, 2004).

1.3.2.2. RecBCD vs. RecF pathway

DSB response in bacteria is rather diversee.looli, for instance, two pathways are
activated in response to DSBs: RecBCD and, in #se of RecBCD failure, RecF (Spies &
Kowalczykowski, 2004)RecBCD is a helicase-nuclease complex in chargeitiition of
DSB repair by HR and is regulated bycis-acting DNA sequence named Chi (crossover
hotspot instigator) (Figure 9). The mechanism bycWwiRecBCD initiates DSB repair has
been proposed to occur in a stepwise fashion (Dilam & Kowalczykowski, 2008;
Singleton et al, 2004): RecB starts to transloadétag the DNA duplex to unwind the double
strand. The nascent ssDNA subsequently passesgthrBecC before exiting for being
digested by RecB nuclease domain. In RecC a helites domain constitutes the Chi-
scanning site, which can recognize this charatiesequence produced after a DSB occurs.
Once the RecC subunit encounters the Chi sequéurtieer translocation into the nuclease

domain is prevented while an attenuation of theleulgtic activity takes place. RecBCD,

15



however, continues to translocate along the DNAnu@hi detection (Figure 9), leading to

the formation of a ssDNA loop downstream of theoggition sequence.
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Figure 9: RecBCD catalyzed Homologous Recombingtiatmway inE. coli (Dilingham & Kowalczykowski,
2008). RecBCD activity is stimulated by recognitmfrthey sequence.

The holoenzyme complex can then begin the loadiriRecA protein. RecB needs to
be displaced from the surface of RecC, event tatds the sSSDNA loop available for RecA
interaction. The newly generated ssDNA will themsittute the platform for RecA nucleo-
protein filament formatiorfFigure 9). Thus, the function of each subunit barsummarized
as follows: RecB is a 3'-5’ helicase and a multdtional nuclease, RecC is involved in Chi
sequence recognition and RecD is a 5- 3’ heliq@stingham & Kowalczykowski, 2008;
Singleton et al, 2004; Spies & Kowalczykowski, 2004ylor & Smith, 1999).

The RecF pathway, on which more attention willfbeused later, plays a role as a
backup mechanism to the RecBCD pathway in someehactsuch a€. coli while it
represents the major DSB repair pathway in othersh adDeinococcus radiodurangocha
et al, 2005). Both the RecBCD and RecF mechanigmsibute to the loading of RecA onto
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the 3’ ssDNA overhang in order to create the nymetin filament, which is then used for
strand exchange in the HR process (Figure 9) (Matsm & Kowalczykowski, 2003; Savir &
Tlusty, 2010). IrE. coli, the resolution process is carried out by RuvAB@plex (Table 3),

which is also present iDeinococcus radiodurangSharples et al, 1999).

1.4. Deinococcus radiodurans
1.4.1. A radiation-resistant bacterium
Deinococcus radioduran®R) is an extremophilic bacterium able to tolertindreds
of DSBs in its genome. It has been classified as“#orld’s toughest bacterium” by the

Guinness Book of World Recor(gtp://www.guinnessworldrecords.cdrand nicknamed as

“Conan the bacterium” (Huyghe, 1998). DR was fidstcovered in 1956 during attempts to

sterilize canned meat using very high doseg-@diation (Anderson et al, 1956). The meat
spoiled despite this treatment and the researatecgled to isolate and characterize the
bacterium responsible for the spoiling. This wasni to be able to survive extremely high

doses of radiation (cells in exponential phaseisadvexposure to doses up to 15 kGy) and
was named a®einococcus radiodurangBattista, 1997). DR has also been shown to
withstand desiccation and the attack of chemicahtgythat damage the DNA. Because of its
extraordinary resistance to harsh environmentalditmms DR was considered to be of

particular interest as a detoxifying agent for digey toxic inorganic materials, such as

mercury and solvent (toluene for instance) in highdioactive sites (Brim et al, 2000).

DR is a Gram-positive bacterium, even though itveha similar cellular envelope to
those of Gram-negative bacteria, with the preseotean outer membrane after the
peptidoglycan layer (Battista, 1997). Its genome waquenced in 1999 (White et al, 1999)
and is composed of 2 chromosomes (2,648,638 ang348ase pairs), a megaplasmid
(177,466 base pairs) and a small plasmid (45,784 pairs) and contains approximately 3200
genes encoding ~2000 proteins.

DR is widespread in the natural environment, Isuespecially found in soils rich in
organic nutrients or in very dry areas. The resstaof DR to prolonged periods of
dehydration is very important since, like expostardnigh doses of radiation, desiccation can
lead to a broad variety of DNA damage (Bauermeisteal, 2011). The ability of DR to
withstand very high doses of irradiation (5-6 k@yi})h no loss of viability (Figure 10) has
much intrigued the scientific community, since thes no obvious reason, from the
evolutionary point of view, why a living organisrhauild have evolved such resistance. DR’s
extreme resistance to lonizing Radiation (IR) hasrbproposed to have evolved as a side

17



effect of its ability to tolerate prolonged period$ lack of water in its environment

(Mattimore & Battista, 1996).

Time post-
irradiation (h)

01 2 3 4

" | Pre-irradiation
4 ) ladder (kb)

Figure 10: Kinetics of DSB repair in DR exposedt800 Gyy-irradiation. The full genome is restored 3 hours
after exposure to lonizing Radiation. Figure takem (Blasius et al, 2008).

DR has developed very efficient mechanisms forntaaing the integrity of its
genome, including the very accurate RecF recomibimaitrepair pathway (Bentchikou et al,
2010), which will be discussed in more detail lg§&1.5.1-2). A number of hypotheses have
been proposed to explain the extremophilic natufeD&: highly redundant genetic
information may have a pivotal role for a succelsganome restoration. In the log phase, DR
exhibits 4-10 copies of its genome (Battista, 199dssessing multiple copies of genetic
information ensures the presence of intact DNAlkatimes for use as template for repair
(Daly & Minton, 1995; Daly & Minton, 1997). DR’s geme also exhibits a tight structural
organization and is condensed as a nucleoid, faymanring-like structure. Such an
architecture is believed to aid the repair of DNAnthge caused by irradiation, by, in
particular, arresting diffusion of DNA fragmentsngeated by DSBs away from the genome
(Zimmerman & Battista, 2005). DR is also able tficefntly export damaged DNA fragments
out of the cell through the cell membrane. Expgritlamaged fragments may reduce the risk
of mutations arising from the reincorporation ofrdaged bases during DNA synthesis and

fragments of DNA may also function as signal molesudor recruitment of the DNA repair
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machinery (Battista, 1997). Finally, a high intrfhuar concentration of Mfi ions may
provide a suitable scavenger for highly reactivggen species and free radicals (Slade &

Radman, 2011), but its mechanism of action isatily poorly understood.

1.4.2. DSB repair inDeinococcus radiodurans

It was previously mentioned (Table 1) that IR @dwces hundreds of DSBs into the
chromosomes of living organisms, no matter whethese are bacteria, yeast or humans. In
DR, DSBs are repaired and the integrity of its geaas restored in a just few hours (Cox et
al, 2010) (Figure 10). UV irradiation causes ttangcriptional induction of ~60 genes in DR
(Tanaka et al, 2004). However, expression of a ritgjof proteins involved in DSB repair is
not induced by irradiation of DR cells, suggestitigat constitutive concentrations are

sufficient for repairing the DNA damage (Liu et 2003; Tanaka et al, 2004).

a 4+— DNA double strand break

[ I I I

Homologous Extended synthesis- Single strand Non homologous
recombination dependent strand annealing annealing (SSA) end joining (NHEJ)
(HR) (ESDSA)
| —me—
| l |
l 1100

Figure 11: Representation of the DNA repair pathsvaged byD. radioduransto reassemble its genome
following exposure to IR. HR and ESDSA are the niogtortant mechanisms for DSB repair. Single-strand
annealing and NHEJ can replace the main HR pathwven this fails. Figure taken from (Blasius et24108).

Two principal mechanisms (Figure 11) are implicatececognition and repair of DSBs
in DR: Extended Synthesis-Dependent Strand Annealing (ESB$ (Radman et al, 2009)
andHR (Cox et al, 2010; Zahradka et al, 2006). ESDSAUrague features and requires two
broken chromosomal copies and a single-round neMipPCR-like step for production of

long overhang fragments suitable for precise ammgglZahradka et al, 2006). The entire
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ESDSA pathway includes resection of DNA broken eRixA-mediated strand invasion and
abundant DNA synthesis prior to the annealing s®pe goal of ESDSA is to start the
reassembly of “shattered chromosomes” into largbfADfragments in order to provide

suitable substrates for completion of DNA repaiHiy (Zahradka et al, 2006).

1.4.2.1. The RecF pathway

As described above, . coli, HR is accomplished by the RecBCD complex (Figure
9). In DR, however, there are no homologues of RecBecC and the RecF pathway is the
principal actor in HR (Bentchikou et al, 2010; Saknan et al, 2009; Wang & Julin, 2004).
Indeed, DR cells carrying knockouts of tleeFOR(individual knockoutsArecF, ArecO and
ArecR) andrecA (ArecA) genes display an increased sensitivity-toradiation (four orders of
magnitude), implying that both the RecF complex &stA are crucial for the viability of
DR cells (Bentchikou et al, 2010). However, in tineee knockout mutants targeting the
RecFOR complex, it was found that the kinetics &BDrepair was comparable to that of the
ArecAmutant, supporting a slow and progressive chromes@assembly compared to wild-
type DR. As a result, DR cells devoid of RecF, Rex(RecR proteins likely repair damage
using a RecA-independent mechanism, such as sstigied annealing or NHEJ (8 3.2).
Irradiation studies conducted oecFORandrecA mutant cells also highlighted a decrease of
the fragmentation of DNA, suggesting an active ailéhese proteins in controlling nucleases
for DSB repair. The similarity of the phenotypesioécFORand4recA mutants suggests the
RecF pathway is largely dependent on RecA act{@sntchikou et al, 2010).

1.4.2.2. RecA loading onto stalled replication fls

While the mechanism of action of the RecF pathigastill only poorly understood,
current evidence suggests that it is centered enfdimation of two principal complexes:
RecOR and RecFR, both involved in guiding RecA girotargeting to ssDNA (Figure 12).
RecOR is thought to help RecA loading onto ssDNAdbig protein (SSB)-coated ssDNA,
with RecO displacing SSB from the DNA. RecFR, imtrast, is suggested to be involved in
RecA loading onto ssDNA at ssDNA-dsDNA junctionefBchikou et al, 2010). A possible
model (Figure 12) can be proposed from publishedlte in which RecF binds first to the
DNA, possibly in complex with RecR. RecO would thassociate with the DNA and
facilitate the loading of RecA onto the DNA, thrduteraction with RecR (Inoue et al,
2008; Sakai & Cox, 2009).
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Figure 12: Model of the initiation of DNA DSB repanvolving the RecFOR complex in DR. The firstystef
DSB repair is accomplished by the ESDSA pathwaycJRgegins ssDNA resection in 5> 3’ direction,
resulting in a 3’-overhanging ssDNA, as it occur&i coli (Chow & Courcelle, 2007). DdrA and DdrB proteins,
highly induced upon irradiation, are involved inofaction and binding of the 3'-ssDNA end, respegtiv
RecFOR presents the coated-ssDNA to RecA in oaéorin the nucleoprotein filament, which then tegg
strand invasion and subsequent HR steps. Figuea takm (Bentchikou et al, 2010).

1.5. SMC and SMC-like proteins

Structural Maintenance of Chromosomes (SMC) prsteire widespread in all kingdoms
of life (Figure 13) and are recognized as a fundaaielass of proteins, acting as cohesins or
condensins (8 5.3), that regulate the structurdlfanctional organization of chromosomes. In
eukaryotic cells there are at least six membeth@SMC family, SMC1-SMC6 (Figure 13),
which assemble as heterodimers, while in prokasyated archaea there is only one SMC,
which assembles as a homodimer (Hirano & Hiran®8)9In bacteria, additional SMC-like
proteins, such as MukB, SbcC and YhaN, are alsadoiThere have been proposed to be

involved in chromosome segregation and DNA rep@ma(mann & Knust, 2009; Niki et al,
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1992). However, it is still an open question whethecterial SMCs can be considered as the

functional counterparts of the eukaryotic condeisid cohesin proteins (Hirano, 2005).
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Figure 13: Phylogenetic tree of SMC protein famRyoteins cited in this work are indicated withdlarrows.

Figure taken from (Cobbe & Heck, 2004).

1.5.1. Architecture of SMC proteins

SMC proteins are related to the ATP-

2002) (Figure 14). However, while most

Binding Cass@aBC) protein family (Hirano,
ABC proteiase involved in importing and
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exporting ions or small molecules (Jones & Geogf#)4), SMCs are implicated in DNA
repair and cell-cycle checkpoint regulation. Botimilies of proteins share a globular
Nucleotide Binding Domain (NBD), known as thead domain, which has been shown to
bind and hydrolyze ATP (Hollenstein et al, 2007heTNBD of ABC and SMC proteins is
principally formed by two motifs, called the Walkarand Walker-B motifs (Walker et al,
1982), which will be described in detail later (8)% that form the suitable pocket for ATP
binding. In SMC proteins, the two conserved Walkeotifs are connected by two long
coiled-coils interconnected through a non-heliajuence Hinge domain) (Figure 15). The
same structural organization is also exhibited BYCSike proteins, of whichRad50,
component of the MR complex (8 5.5), is one ofiih@st representative members. Structural
information on SMC and SMC-like proteins is avai@atGriese & Hopfner, 2011; Lammens
et al, 2004; Li et al, 2010; Lowe et al, 2001) (Fig 14), but at present a complete structure of

a member of this protein family has not been olet@in

pfRadS50 ATPase domain tmSMC ATPase domain stHisP ATPase domain
(PDB code: 1118) (PDB code: 1E69) (PDB code: 1B0OU)

Figure 14: Crystal structures 8fyrococcus furiosuRRad50 (pfRad50)Thermotoga maritimé&SMC (tmSMC)
andSalmonella typhimuriurklisP ATPase domains. The three structures arersiothe same orientation with

their associated PDB codes.

Based on the structural information available, @shbeen proposed that a SMC
monomer folds back on itself, forming an anti-plahrrangement of the coiled-coil and,
more importantly, leading to the creation of thePABindinghead domain (Hirano & Hirano,
2002; Hirano, 2006) (Figure 15). In eukaryotes SM@smainly assembled as heterodimers:
cohesins, for instance, are formed upon interacfd®MC1 and SMC3 and the entire process

is regulated by ATP-binding and hydrolysis (Figafs. Specific interaction partners, such as
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Sccl and Scc3, can afterwards lead to the formatica functional DNA-binding complex
(Gruber et al, 2003).

Head

SMGC SMC Cohesin Complex
Unfolded monomer Folded dimer

Figure 15: Assembly of an active SMC protein comgle eukaryotic cells (in this particular case, esim).
Once the heterodimer of SMC is formed, specifictgiropartners interact with the SMC1-SMC3 structioe

constitute an active cohesin complex. Figure tdkam (Wong, 2010).

An extensive multi-approach study of SMCs highleghthe highly dynamic and plastic
nature of this class of proteins (Hirano, 2005)cl€y of ATP binding and hydrolysis induce
engagement or disengagement of the head domamsr¢FL5), in order to recycle protein for
the next round of DNA-binding (Hirano, 2005).

1.5.2. SMCs and DNA binding

Interactions between SMC head domains can takee @dher through cycles of ATP-
binding and hydrolysis or mediated in an ATP-indegent fashion. It has been speculated
that eukaryotic SMC proteins are functionally diéfetiated in order to be involved in
different aspects of the cell-cycle. This leads th® formation of various structural
architectures like double-sized rings, filamentsl ansette-like structures (Hirano, 2006)
(Figure 16). However, only double-sized rings hbeen proposed for cohesins (Figure 17A-
B), while the other organizations are likely to Implicated in chromatin condensation
(mediated by SMCs known as condensins). A detaitediel of the putative SMC-DNA
interaction is shown in Figure 16. It has been psag that SMC dimers are initially present
in a closed state in which two ATP molecules arenobto the head domains (step 1).
Hydrolysis of ATP induces the disengagement oftthad domains and can result in either

hinge opening (step 2) or head flipping (step 3nedv cycle of ATP-binding could promote
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intramolecular (steps 4 and 6) or intermoleculaaichdomains association (steps 5 and 7).
This can result in the formation of multiple possilnodes of SMC-DNA interactions via
‘topological trapping (steps 4 and 6) (Hirano, 2005). Higher-order eopkotein complexes
can be also generated by ATP-independent SMC-SNiaictions (steps 8—10). Cohesins,
for instance, may hold two sister chromatids toge{steps 4, 5 and 8), while condensins may
organize DNA by one of the mechanisms shown insséf, 9 and 10 (Hirano, 2005) (Figure

16).
gl

hinge head
opening { \ flipping
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Figure 16: SMCs interact with DNA in a highly dynigmmanner. ATP hydrolysis regulates the head-head
engagement and subsequent DNA interaction cyaist-land intra-molecular engagement of the headaito
of SMC lead to the formation of DNA rosette-likeusttures, which are essential for cohesion and easidg

processes. Figure taken from (Hirano, 2005).

1.5.3. SMC proteins and DNA cohesion
Cohesion is a crucial process involved in the lagan of chromatid separation during

meiosis and mitosis. Proteins responsible for Imgidhe sister chromatids together are called
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cohesins and they are positioned on many locatdosy the length of the newly replicated
DNA. Eukaryotic cohesin proteins consist of a hedéner of two SMC proteins, SMC1 and
SMC3 (Figure 15), which interact in an ATP-dependashion in order to wrap around the
DNA, and form ring-like structures (Figure 17). @sins are also involved in HR where they
are believed to interact simultaneously with the wister chromatids required in the repair
process. Experiments performed in different orgasisave shed light on the role of cohesins
in providing proximity between the sister chromat&hd in stabilizing chromosomes when
DSBs cause lack of continuity in the DNA backbowéa(rin & Peters, 2006). However, there
are still many open questions regarding the meshasiof action of cohesins. In particular,
the role of ATP hydrolysis is not fully understo@hintomi & Hirano, 2007).

(A) i (B)
s i Cohesin
1 Ring model: Q’ i\ : (L/u 1951 Chromatin| QD
n A ) | :
Sccl/gadZI 3 v o & @

. 1 o o e >, o
b Handcuff model (1): q}\wr: D _D B D _DH_B
P : = =

4 2 €5 €5 &
4 of N of \ @ °
Handcuff model (2): m i i \ / Y \
f 3 AN '8
'\f 5 © (€3
L SCTQ
v 4
‘ v 8 2 2 -
Handcuff model (3): Q ) s
{ ¥ oW @F @

Figure 17: Proposed models of DNA cohesion mechamy Suggested models for the interaction of SMC
proteins with DNA (Feeney et al, 2010). The “harféicand “ring” models are shown and, so far, théseno
clear evidence that favours one model rather thanother. B) Differentmodels of the possible interaction of
cohesins with sister chromatids. Figures taken fteeeney et al, 2010) and (Hirano, 2006), respelstiv

There are currently two proposed models descrithiegoossible mode of DNA-binding
by SMC proteins, known as the ring (intramoleculand the handcuff (intermolecular)
models (Hirano, 2006) (Figure 17), both of whick aupported bin vitro studies (Feeney et

al, 2010). In the ring model two DNA molecules amecircled by a single SMC dimer.
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Evidence for this model comes from FluorescenceoRasce Energy Transfer (FRET)
measurements and co-immunoprecipitation experimeltisng which multiple cohesin
complexes were not detected after DNA binding, estjgg that only a single ring is wrapped
around the two duplex DNAs (Feeney et al, 2010)e Thwo-ring “handcuff” model, in
contrast, proposes that each sister chromatidcisated by one cohesin-ring and is supported
by experiments which revealed self-interaction ofSprotein. This would lead to a higher
order organization such as a tetrameric assemblyhich SMCs can then interact through
ATP-binding and, thus, associate two DNA duplexesefey et al, 2010).

Cohesin proteins are loaded onto DNA in an ATPetelent fashion (Figure 16-17).
Dissociation occurs, once the mitosis process tpkese, through phosphorylation of one of
the interaction partners, notably Sccl, which imduopening of the cohesin ring (Hauf et al,
2005). However, the hinge domain has also beenestigd as a potential site of regulation of
the opening/closing of the long cohesin arms ($mmt& Hirano, 2007), leaving even more

uncertainty regarding the details of the full prseéFigure 17B).

1.5.4. Rad50, a well studied SMC-like protein

ABC transporter and SMC NBDs are characterizedway well conserved motifs, the
Walker-A and —B (Figure 18A), and by a specifics&ace involved in ATP binding, named
the signature sequence (Altenberg, 2003; Davidsah 008). The Walker-A motif contains
the typical GXXXXGK(T/S) sequence, where X can be any amino acid. The \WBlkaotif
was originally predicted to b&R/K)XXXXGXXXXLhhhhD (Walker et al, 1982), but has
recently been revised to the more comrhbhhDE primary structure (Hanson & Whiteheart,
2005), whereh denotes any hydrophobic residue. The overall gearent of the NBD
architecture is similar to a Rossmann fold (Figlig, with six paralleB-strands linked to
two pairs ofa-helices (Hirano et al, 2001; Hirano & Hirano, 20@4irano, 2005; Rao &
Rossmann, 1973). The Q-loop (coloured in turquaisé-igure 18B) is also involved in

coordination of the Mg atom.
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Figure 18: Close-up view of the ATP-binding siteRyfrococcus furiosuRad50. A) ATP analog, AMP-PNP, is
shown in density, with the conserved Walker andiatigre motifs labeled. B) Residues interacting vAtP-
PNP are shown as sticks. Kgon is shown as a ball (green). C) Details of st relevant residues involved
in Mg®* coordination (Q-loop and Walker-B motif) and ATiwing (Walker-A motif and signature sequence).
D) Representation of the localization of the two RMPNP molecules in the arrangement of Rad50 dinstaie.
Figures A, B and D taken from (Mockel et al, 2011).

ATP hydrolysis is important in many processes hich energy is required to achieve
protein function. They-ortho-phosphate of the ATP is cleaved by nucleaplaittack of a
water molecule (Figure 18C), producing ADP and fim@ganic phosphate. SMC proteins
use ATP binding to induce head-head engagemenarfblir2002). Structural studies have
confirmed that ATP binding induces the dimerizatioh NBDs (Figure 18D), a process
required to form the full nucleotide-binding pocKétopfner et al, 2000; Lim et al, 2011,
Williams et al, 2011). The ATP binding and hydra¢ysycle of SMC proteins has been
dissected through site-directed mutagenesis ofduesi from the conserved Walker-A,
Walker-B motifs and the signature sequence (Hirahal, 2001; Hirano & Hirano, 2004;
Lammens et al, 2004). The conserved lysine residom the Walker-A motif and the
signature sequence are responsible for nucleotdegnition and binding (Hanson &
Whiteheart, 2005). The Walker-B motif is characed by the presence of a glutamate

residue located close to the lysine of the Walkemgtif, which catalyzes the nucleophilic
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attack of a water molecule on thghosphate of ATP. Mutating this conserved glutanat
glutamine in the conserved Walker-B motif, for exden disrupts the ATPase activity of
SMC proteins (Lammens et al, 2004; Schwartz & Steg@@011) and can result in inhibition
of chromosome segregation or, more generally, ferterwith stable association with DNA.
This could be due to the induced “stickiness” asilh mutated head domains, which trap the
ATP in their binding pockets (Hirano, 2005). Thdeefs of mutations occurring in the
Walker-A motif and involving the ATP-induced pratedimerization (Koroleva et al, 2007)

are not fully understood.

1.5.5. The MRN complex

As mentioned previously (8 3.1he MRN complex, consisting of Mrell, Rad50 and
Nsbl proteins, is involved in various aspects ofBD®pair in eukaryotes (D'Amours &
Jackson, 2002; Kanaar & Wyman, 2008; Wyman et 8092 Rad50 and Mrell are
suggested to interact with the damaged DNA, whitsIN(Xrs2 in yeast) associates with the
MR complex, in a stoichiometry MR, (Figure 19), upon activation of the cell-cycle
checkpoint (Assenmacher & Hopfner, 2004; Duprd,e2@06). Chromosomal aberrations can
derive from abnormal regulation of MRN complex sitliimg pathway, which is mediated by
ATM. Besides HR, the MR complex is also involvedather DNA repair pathways, like
NHEJ (8 2.3.1) and repair of interstrand crossdink

Rad50 is a member of the SMC protein family andtaims an ABC-like head domain,
which can bind and hydrolyse ATP (Assenmacher & fHep 2004). The head domain of
Rad50 binds and hydrolyses ATP in order to drivee@NA-binding and processing activities
of the MR complex (Mockel et al, 2011) (Figure 1®-2A rather flexible (van Noort et al,
2003) and extended coiled-coil domain (~50nm irgtkh protrudes out of the head domain
and allows for intramolecular association of the[Bon one end, while forming a hook
motif on the opposite end (Figure 19). DNA is boudoydthe globular NBD domains with the
coiled-coils on either side of them (de Jager e2@01; Hopfner et al, 2001; Lim et al, 2011;
Williams et al, 2011; Williams et al, 2008) (Figur¢. ATP binding to the NBD stimulates
engagement of the two head domains and repositgooirthe coiled-coil domains (Figure
20). Extensive studies have been performed on tR&l lomplex over the past decade. These
include structural studies on the archaeal Radb@jr fromPyrococcus furiosualone and
in complex with the Mrell nuclease (Hopfner e2802; Hopfner et al, 2001; Hopfner et al,
2000; Lammens et al, 2011; Lim et al, 2011; Moakedl, 2011; Williams et al, 2011).
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Figure 19: Dimerization process of Rad50 proteipnChystal structure dP. furiosusM,R, complex. Front view
is shown. B) View from the top is shown, with theedl1 molecules indicated. C) Proposed model ofaeteon

of the MR complex with an ATM dimer and sister amatids. Figure taken from (Assenmacher & Hopfner,
2004).

The crystal structure of thEhermotoga maritimaViR complex (tmMR) (Lammens et
al, 2011) provided a model for the interplay of Mteand Rad50 in bridging dsDNA
molecules (Williams et al, 2011). Entrance of ATiRhe conserved binding pocket leads to a
higher affinity DNA binding site. Mrell dimers c#égther and process both DNA duplexes
(Figure 20) arising from either IR damage or in ttese of fork collapse during DNA
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replication (Williams et al, 2008). Interaction thie damaged DNA with the sister chromatid
is mediated by the Rad50 hook, through bindingréf fons (Hopfner et al, 2002).

Recent published work allowed the proposal ofatomic level model of the ATP-
dependent cycle of tmMR (Figure 20). A large tréosi is induced by ATP-binding,
demonstrating that the tmMR is capable of adoptingjosed state, even in the absence of
dsDNA (Mockel et al, 2011). The proposed model Fég20) suggests a cooperative switch,
driven by ATP, of Mrell from the open to the clostdte. The model could explain the
entire mechanism of DNA tethering by the MR complERrce it has already been proven that
Rad50 head domains, engaging in an ATP-dependemieanacan assemble DNA fragments
(Bhaskara et al, 2007).

DSB processing Tethering

Mre11 dimer C°ileﬁ'°°i|5 HLH Mre11 dimer Cotlid-coils

exonuclease
activity

Figure 20: Hypothetical model for ATP-dependenhéeing of dsDNA ends by the tmMR (Mockel et al, 2D1
A) Conformational changes of the MR module couldrégponsible for the unwinding of dsDNA and promote
endonucleolytic cleavage of ssDNAB) The extended coiled-coil of Rad50 undergoes an nsite
conformational reorientation, which could prevemtramolecular MR interactions upon ATP-dependent
engagement from occurring. As a consequence, M&ndlecular interactions are the most favoureduréig
taken from (Mockel et al, 2011).

1.6. RecN: an unusual SMC-like protein
1.6.1. RecN domain organization
The bacterial RecN protein, like Rad50, is invdliie DSB repair and belongs to the
SMC protein family with which it shares a number c@mmon structural and functional
features (Ayora et al, 2011; Graumann & Knust, 20R8yes et al, 2010). Phylogenetic
analysis (Figure 13) highlights how MukB, Rad50 d&ecN are related both to each other
and to other SMC proteins (Cobbe & Heck, 2004).chesnatic model of RecN has been
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proposed (Figure 21) in which the protein adopésshime architecture as other bacterial SMC
proteins (Graumann & Knust, 2009).

ScpA/MukF
&— ScpB/MukE

head SMC (MukB)

head Re CN
coiled coil

ATP.

coiled coil

4

Figure 21: Schematic models of the structures of£Sivid SMC-like proteins. Theead domains form globular
architectures, which have been shown to be resplenir ATP-binding and hydrolysis. These catalyigad

domains are connected by a long coiled-coil inctge of SMC, SbcC and YhaN proteins. In RecN thgtheof

the coiled-coil is much shorter. It is not knownt ylee reason for such a difference. Moreover, tluelenof

dimerisation of RecN is also not known (indicatedaaquestion mark in the figure). Experimental emck and
bio-informatics studies reveal that all SMCs hanteriaction partners that are implicated in profeinction

(Graumann & Knust, 2009). An interaction partneNFRse protein) has recently been proposed als@doN

(Cardenas et al, 2011). Figure taken from (Graung&aKmust, 2009).

Sequence alignment of the most studied bactegaNRproteins shows that they possess
highly conserved regions, which are predicted torélated to ATP hydrolysis activity
(Funayama et al, 1999) (Figure 2D). radioduransRecN presents a unique N-terminal
extension (Figure 22). This feature is not unusudR, since a number of other proteins of
the recombinational repair pathway also have urusxtensions (Cox & Battista, 2005).

However, it is unclear whether this extension affé¢he function of the protein.
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Figure 22: Amino acid sequence alignment of baatdecN. RecN proteins from. radiodurans(dr), E. coli

(ec),B. subtilis(bs),N. gonorrhoeadns),H. influenzae(hi), B. fragilis (bf), A. aeolicus(aa) andH. pylori (hp)

were aligned. This and all other sequence alignsneimbwn in this work were made using ClustalW (Gowgt
2010) and ESPript (Gouet et al, 1999).
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The N- and C-terminal regions of SMC and SMC-lgteteins, forming the NBDs and
containing the major functional motifs, are paridely conserved. This is also the case for
RecN (Figures 22-23).
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Figure 23: Amino acid sequence alignment of thee head domain of RecN with thoseTofmaritimaSMC,
P. furiosusRad50 andP. furiosusSMC.

Secondary structure prediction analysis of the Raohho acid sequence highlighted
the presence of a long-helical central region, which likely representsclaaracteristic
conserved structural feature of SMC-like proteittse coiled-coil domain. This kind of
architectural organization is a remarkable featirall proteins belonging to the SMC family.

It adopts a typical anti-parallel helical arrangeinéde Jager et al, 2001) and has been
suggested to contain local regions of flexibilisai Noort et al, 2003). In Rad50 and all
bacterial and eukaryotic SMC proteins, the coiledtas a rather conserved length, between

900 and 1250 amino-acid residues, correspondi@g~60 nm long structure. A dimerization
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interface in the form of a hinge or hook domain gf®r et al, 2002; Li et al, 2010; Nasmyth
et al, 2002) characterizes the region where thiedaaioil turns in order to form the anti-
parallel filament. These regions drive dimer fonmat which is needed to open/close the
coiled-coil arms for holding DNA (Hirano, 2002). RecN, however, the anti-parallel helical
architecture and the dimerization interface, foichhvery little is known so far, is proposed
to be much shorter than for SMC proteins (Graum&nknust, 2009; Lowe et al, 2001)
(Figure 21, 22).

1.6.2. RecN and DSB repair

HR has been presented as the most efficient patimaeg by DR to restore its genome
integrity after being exposed to harsh conditidnsolvement of RecN in the early steps of
DSB recognition was revealed by vivo studies conducted dacillus subtilisduring which
fluorescent labelled RecN was shown to localizéiszrete foci following exposure to UV-
irradiation or chemical agents causing DNA damdgdane et al, 2004; Sanchez & Alonso,
2005). RecN was therefore proposed to act as astrsDSBs.

The response of DR to IR is rather complex andliresthe transcription of essential
genes, a number of which encode for DNA repair @anst However,recN gene is
constitutively expressed in DR and its transcriptis not upregulated in response to DSBs
(Tanaka et al, 2004). In this way, the proteinlgags readily available at an early stage after
induction of DNA damage. IB. subtilis RecN has been shown to bind and protect 3'-ssDNA
tails of duplex DNA (Sanchez & Alonso, 2005), whiteDR, RecN displays preference for
dsDNA (Reyes et al, 2010). Its ATP hydrolysis atfivs also stimulated by addition of
dsDNA. In addition, DR RecN shows cohesin-like wtfi (Rees et al, 2009; Reyes et al,
2010), which implies a putative role in tetherini®ends, as suggested for Rad50 (8 5.5).

In fact, RecN promotes dsDNA-tethering in a simikay to SMC cohesins, regardless
of the type of DNA ends (blunt or overhangs). Tlaisk of specificity suggests that RecN
may carry out a structural role in tethering two AMuplexes for subsequent repair by the

HR machinery.
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Objectives of the thesis

The aim of this PhD project was to gain a detauederstanding of the mechanisms
underlying DSB recognition iD. radiodurans which are thought to be regulated by RecN.

At the beginning of the project no structural mf@ation was available for DR RecN
and very little was known in the literature abdstfunction. The main goal was therefore to
obtain structural information using X-ray crystajtaphy, Small Angle X-ray Scattering or

Electron Microscopy techniques. A second goal vimascharacterization of the role of RecN

in DSB repair in DR, with a particular focus on tteationship between DNA-binding and

ATP hydrolysis.

The achievements obtained at the end of this Pbilk are presented here and have also
been the subject of three manuscripts, includexppendix-II:

I.  Pellegrino S., Radzimanowski J., McSweeney S., Timsnd., Expression, purification
and preliminary structural analysis of the head donof Deinococcus radiodurans
RecN (2012Acta Crystallographica section F, 68, pag. 81-84

[I.  Pellegrino S., de Sanctis D., McSweeney S., Timndin€Expression, purification and
preliminary structural analysis of the coiled-cddmain ofDeinococcus radiodurans
RecN (2012Acta Crystallographica section, B8, pag. 218-221.

[ll. Pellegrino S., Radzimanowski J., de Sanctis D., Mahey S., Timmins J., Structural
and functional characterization of RecN: New ingsgimto double-strand break repair
(2012)Nucleic Acids Researcksubmitted).
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Chapter 2:
Materials & Methods
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Summary of chapter 2

This chapter describes the principal protocolsduse this thesis work: from DNA
amplification to cloning, from protein expressiandrystallization to ultimately finish with a

section dedicated to X-ray diffraction, data preieg and protein structure determination.

Résumé du chapitre 2

Ce chapitre décrit les principaux protocoles s#i dans ce travail de thése: de
I'amplification de 'ADN au clonage, de l'expregssides protéines a la cristallisation pour
finalement terminer avec une section dédiée affeadiion aux rayons X, au traitement de

données et a la détermination de structure desipest
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2.1. Gene amplification

DNA fragments codifying for the proteins of intetevere amplified by Polymerase
Chain Reaction (PCR), using either DR genomic DN#ethod described in paragraph 1) or
plasmid DNA. The fullrecN gene was amplified in order to produce the fuligldn protein.
Later, other constructs were designed and the ateWNA sequences were amplified for

subsequent cloning into a suitable vector for pnoexpression (§ 2). Primers used in this

study are listed in Table 4.

Construct

Forward primer sequence

Reverse primer sgience

RecN

5'-CACCATGCGCAAGGCC
CGTA-3

5-TTAGCCAGCCAGCAACTC
GC-3'

RecMheadN-terminus

5'-CACCATGACCCGCAAG
GCCCGTA-3

5'-CACAAGCGACGTTGGATG
CTTGCTCGACTCGCTGGCCT
GGAGGCGCTCC-3' (Rev_1)

RecNheadC-terminus

5'-GCCAGCGAGTCGAGCAA
GCATCCAACGTCGCTTGTG
CCACGAG-3' (For-2)

5'-CCAACGTCGCTTGTGCCA
CGAGGCAGCGTGGACGCCC
TGCACGCCG-3' (For-1)

5-TTAGCCAGCCAGCAACTC
GC-3'

RecNcc domain

5'-CACCCAGCGCGAGCGGG
CGCGG-3’

5-TTACACATCGGCTTGCAG
GCTGCCCG-3

RecN Coiled-coil 240-387%

5'-CACCGCGCAAGCGGCGGC
GGGC-3’

5-TTAGGCCTCGCGTTCGCG
GGCG-3

RecNAdd N-terminus

5'-CACCATGACCCGCAAG
GCCCGTA-3

5'-CACAAGCGACGTTGGATG
CTTGCTCGACTCGTGGAGGT
TGGAAAGG-3 (Rev_1)

RecN\dd C-terminus

5'-CGCGGCGGAGTCGAGCA
AGCATCCAACGTCGCTTGTG
CCACGAG-5' (For-2)

5'-CCAACGTCGCTTGTGCCA
CGAGGCAGCGTGCAGGCCA
TCGCGG-3' (For-1)

5'-TTAGCCAGCCAGCAACTC
GC-3'

RecN34 5'-CACCATGCTCTCGCGGC | 5-TTAGCCAGCCAGCAACTC
TGGAAATTCGCAACC-3’ GC-3’
RecNA47 5'-CACCATGCGCAAGGCC 5-TTATTCCACCTTGTAGTGG

CGTA-3

TGGTGG-3

Table 4: List of the DNA oligonucleotide primersad for PCR amplification of the various RecN ¢ords

(reported on the left) which were further charagtst in this work. The vector-specific sequence GTA

required for TOPO-cloning is indicated in red.
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PCR reactions were prepared as follows, in a froaime of 25ul:
*  Primer forward: Jul (20 uM stock)
* Primer reverse: {ul (20 uM stock)
= dNTP mix: 1ul (10 mM stock concentration)
= Buffer High Fidelity Polymerase: 2,8 (10X)
» High Fidelity Polymerase enzyme mix: 0.@5100 units)
=  Genomic DNA: 0.5l genomic or plasmid DNA (~100 ng)
= DMSO: -/+ 1.25ul (final concentration 5%)
= H,0: 19.75 (18.5)

Reactions were carried out in a Thermocycler (Bdpef) using the following steps:

1. 95 °C for 5 minutes

2. 95 °C for 1 minute

3. 50-58 °C for 1 minute 30-35 cycles
4. 72 °C for 1-2 minute

5. 72 °C for 10 minutes

6. 4 °C HOLD

The temperature of annealifi; step 3)varied depending on the melting temperature
and the length of the primers. The elongation tigtep 4) changed according to the length of
the sequence to be amplified since the High Figl¢htF) polymerase can synthesise ~1000
nucleotides per minute.

Amplification of the DNA fragment codifying for R&lhead was particularly
complicated, since a peptide linker of 14 residuegth amino acid sequence
ESSKHPTSLVPRGS, was designed to join the N- aner@ini of RecN. Two different
PCRs were set up for amplification of the single ahd C-termini fragments using the
primers listed in Table 4. A third reaction was fpaned using the original forward and
reverse primers used for full-length RecN amplifima. The N- and C-termini of the
construct codifying for the Rediad domain contain an overlapping region, which was
accounted for in the design of the primers (Figgdg This is shown schematically in Figure
24.
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Figure 24: Schematic of the N- and C-terminal fragmamplification of RecNead protein. A) Schematic
diagram of the N-terminal fragment for the Réeldddomain. B) Schematic diagram of the primers de=ign
for creation of the C-terminal region of Ramdhdconstruct. The N-terminal portion will have an dapping

sequence (contained in the so called Rev_1) congpitary to For_2 primer.

The two overlapping forward primers, in the caseCeerminal DNA amplification,
were mixed at different ratios. The “For_1" wasluted at a concentration 10 times lower
than “For_2". The first 5 cycles of PCR (with @ @ffset at 58 °C) used the fragment specific
forward primer (“For_1") for creating the first gaof the overlapping region with the second
forward primer. After the first cycles, the prim#for_2" will be the only forward primer
available (given the higher concentration), togethi¢h the reverse primer, and the complete
fragment will be amplified. The ATwas decreased to 55 °C for the last 30 PCR cy@les.
two resulting DNA fragments corresponding to theaxd C-termini of RecN were purified
and then mixed at equivalent concentrations for kgt amplification. The original N-
terminal forward primer and the C-terminal reversener for the full-length RecN were used
at this stage. The first 5 cycles of PCR were paréa in the absence of both primers, in
order to stimulate annealing and extension of therlapping region of the two fragments
(For_2 with Rev_1). Once this step occurred, samplere placed on ice and supplemented
with primers at the concentrations previously régayr and returned to the thermocycler to
complete the remaining 30 cycles of PCR. The sameciple was adapted for the
amplification of the construct codifying for theleigon mutant, namely Reaiid, which also

contained the linker peptide of 14 residues.
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All the PCR products were run on a 1% agaros€kjglre 25) prepared in a solution
0.5X TBE (10x Stock: 108 g Tris base, 55 g Borimlad0 ml 0.5 M EDTA pH 8.0 for 1 L)
containing SYBR Safe (Invitrogen). DNA bands wenecised and purified using the
QIAquick Gel Extraction kit (QIAGEN) and finally eted in 30ul of EB buffer (10mM Tris-
HCI pH 8.5).

Figure 25: Purified fragments of Relbbdhad domain
and RecN34 constructs (on the right). Different DNA
starting materials were tried (plasmid and genofnic
DNA) for Rechhead and in absence or presence |of
5% DMSO. M: 1kb ladder (Fermente

2.2. Cloning

Amplified DNA fragments coding for the target pbts were sub-cloned into a
specialized vector for transformation inko coli cells. The forward primers all included a
characteristic nucleotide sequence, namely CACGire@m of the gene specific sequence
(Table 4). This is a feature required for direcéibreloning into pET151 with TOPO
technology (Invitrogen). The principle of directancloning, through a selective DNA
topoisomerase, of the target fragment into the TOBEor is summarized in the figure below
(Figure 26):

r \ —_— 5 muines at

W ";il_c,.. I 00m fempentun @
| Sy 4/
& @Y Cact PR Product — rres W'

s ¥ e=— 37 phosphote l B00AA- 700 .
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Directianal TOPO" Claning Veetor Blunt-cnd PCR Produci ealla 9703 el
[ehesshnedd wiils CACC a1 il .
Ligution eomplete

5 enid, no mesdincation
el

ot the 37 end

Figure 26: Schematic diagram of the directionahtig that occurs in pET-TOPO vectors.

Map of pET151-TOPO vector is shown in Figure 27e Poly-histidine tag (6xHis) together
with the TEV cleavage site, are present upstreangémne insertion site. This vector contains

the resistance for Ampicillin.
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Figure 27: Schematic map of the pET151-TOPO veased for cloning all the different constructs useding
this work. The gene insertion site is indicated P, together with the poly-histidine tag (6xHisldahe TEV

cleavage site (TEV). Figure taken from http://wwwitrogen.com/site/us/en/home.html

The reaction is carried out at Room Temperature) (Rl 5-30 minutes (depending on the
length of the insert of interest) and then therentaction mix is used for the following step

of transformation intdc. colicells.

2.3. Transformation of competent cells and contratligestion of the plasmid

The products of the cloning reactions were thexdder transformation of competett
coli TOP10 cells (Invitrogen). For each transformatid@ul of cells were incubated on ice
with 6 ul of the cloning reaction for 30 minutes. A heabakof 45 seconds at 42 °C was used
for relaxing the cell membrane and allowing thetoe¢o enter. Cells were placed 5 minutes
on ice and then supplemented with 30@f SOC medium (2% Bacto-tryptone, 0.55% yeast
extract, 10 mM NacCl, 10 mM KCI, and after autoctayadd 10 mM MgGl 10 mM MgSQ,
20 mM glucose). All the cells were plated on LB-agétes with the appropriate selective
antibiotic (in this specific case, ampicillin at10mg mi*) to allow for selection of
recombinant clones. The plates were incubated & 33r at least 12 hours, until separate
colonies could be picked and tested for the presefiche gene of interest. Single colonies
were grown in 5 ml of LB supplemented with 1/1000pécillin (stock concentration: 100 mg
mi™) and then used for extraction of the plasmid dairtg the insert of interest. A Miniprep
kit (QIAGEN) was used for extracting and purifyiptasmid DNA, which was finally eluted
in 30 ul of buffer EB. Digestion of a small aliquot (10) with the restriction enzymes Sacl
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and Ncol (New England Biolab) allowed to detect thiee the desired insert was present.
Digestion reactions showing the presence of a DAdbof the right size (Figure 28) were

sent for DNA sequencing to check the correctnesseDNA sequence

Figure 28:Digestion control for some of the colonies grq
in LB+agar supplemented with the appropriate aotiti
On the top of the gel the vectatone is visible, while th
lower bands correspond to the desired fragmentack|
arrows). M: DNA ladder (100 bp, Ferment:

2.4. Expression and protein purification

The constructs amplified and cloned in the pET1&adtar were all transformed int.
coli cells, strain BL21 Star (DE3) using the protocesctibed in § 3. Cells were grown at 37
°C for 2.5-3 hours, until Optical Density at 600 (@®Deog) reached 0.6-0.9. At this point,
isopropyl-b-D-thiogalactopyranoside (IPTG) was dappented at a final concentration of 1
mM in order to induce protein expression.

Lysis of the proteins was achieved by mechanicatef either in a cell disrupter
(CONSTANT SYSTEMS Ltd.) operating at 195 MPa at 45Cwith a French press (SLM
Instrumentsmaximum pressure achieved 1000)p3ihe composition of the buffer used for lysis
was 50 mM Tris-HCI pH 7.5 (RecN), 1 M NaCl, 5 mM Mg, 5% glycerol and 5 mMs-
mercaptoethanolp¢(ME) for RecN {-1) or 50 mM Tris-HCI pH 8, 1M NaCl, 5mM Mggl
and 5 % glycerol for Redi¥ad RecNec and RecMdd (L-2). The resulting lysate was
centrifuged at 48,384 g at 4°C and the supernataitected and loaded onto a 5 ml
HisTrap™ HP column (GE Healthcare), previously éfrated in bufferA-1 containing 50
mM Tris pH 7.5 (pH 8.0 for Rediad RecNec and RecMdd, named a#\-2), 1 M NaCl
(300 mM for Recdead RecNec and RecMdd), 5 mM MgCh, 5mM imidazole. A wash with
at least 5 column volumes of buffer A was done tefgarting the elution step. When the
absorbance reading was stabilized, protein waseleither with a linear gradient, from 0 to
100% over 40ml, or by steps of buffBr1 containing 50 mM Tris pH 7.5 (pH 8.0 for
RecNhead RecNec and RecMdd and named aB-2), 1 M NaCl (300 mM for Rechead
RecNcc and RecMdd), 5 mM MgChL and500 mM Imidazole. RecN was eluted in two steps:
one at 4% of buffer B (20 mM imidazole) for remowdimost of the contaminants, and the

second at 100% of buffer B, which strips the protf interest from the affinity-column. All
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the other constructs, in contrast, were elutedguaitinear gradient of imidazole. Reedad
RecNcc and RecMdd eluted at 30-35 % of buffer B, that is approxinhate50-180 mM of
imidazole. Fractions containing the target proteare analyzed by SDS-PAGE (described in
the next section), pooled and dialyzed overnight°&t in bufferC-1 containing 50 mM Tris
pH 7.5 (pH 8.0 for Rechkbad RecNcc and RecMdd, named a€-2), 1 M NaCl (300 mM for
RecNhead RecNec and RecMdd) and 5 mM MgCJ. At the same time His-tag cleavage was
performed by addition of tobacco etch virus (TEVW)tpase (at a final concentration of 0.1
mg mi*), 0.5 mM EDTA and 1 mM DTT to the protein solution

A second affinity chromatography (through a grgdiow Ni®*-column) was performed
using Ni-Sepharose Fast-Flow (GE Healthcare) iriotd remove the 6xHis-tag and the TEV
protease from the protein solution prior to sizetesion chromatography (SEC). Proteins
were loaded onto the column and then extensivelghed with buffer C, until no more
protein was detected (by using the Bradford saf)tid second wash was performed with a
few milliliters of buffer A. Elution with buffer Bnvas performed for stripping all the species
specifically bound to the column. Samples wereeobid at each step and were then analyzed
by SDS-PAGE.

Proteins were then concentrated to 10-15 md byl ultrafiltration (Amicon Ultracel
10-30K cutoff, depending of the protein) for beingected onto a Gel Filtration (GF) column.
Superdex 200 (GE Healthcare) columns (analyticgdrep grade) were pre-equilibrated with
buffer D-1 containing 50 mM Tris pH 7.5 (pH 8.0 for Reltdad RecNec and RecMdd,
named asD-2), 1 M NaCl (300 mM for RecN) and 5 mM MgCIProteins were then
separated according to their molecular weight ted anfluenced by the shape they adopt in
solution. Fractions containing the main elution kpegere collected, verified by SDS-PAGE
and then concentrated for further biophysical gst@ilization experiments.

At the end of each step of purification, proteinncentration was measured. The
Nanodrop 1000 spectrophotometer (Thermo scientif3 used in the case of RecN protein:
it measures the absorbance of the sample in thgerahthe visible-UV (750-220 nm) and
calculates the concentration of the sample usied-#mbert-Beer law:

A=4C (Eq. 1)
where A is the absorption measured at 280sthe molar absorption coefficient (Mm™), |
the pathlength (cm) and C the protein concentrgfibn Concentration measurements for the
head and coiled-coil domains were performed udiegBradford assay (Biorad).,d of the

sample was diluted in 999 of Bradford solution (red-brown colour), whichpse-diluted in
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distilled H,O (1:5). The solution turns blue in the presencerotein and the absorbance at
595 nm is then measured. A standard curve creaied bovine serum albumin (BSA) was

then used to convert the absorbance measuremerristein concentration.

2.5. Mutations of the conserved functional residues

Selected point mutations were introduced into lieigth RecN and Redi¢adin order
to disrupt ATP-binding and hydrolysis ability. Slaghoint mutations at the Walker-A motif,
namely K67A, and at the Walker-B motif, namely EA7&nd E472Q, were introduced using
the QuickChange Site-directed Mutagenesis kit @gilTechnologies), while double point
mutations, namely K67A/E472Q and K67A/E472A, wemadduced with the QuikChange
Multi Site-Directed Mutagenesis Kit (Agilent TecHagies). These protocols introduce the
desired mutation through a one step PCR reactiollowing digestion of the methylated,
non-mutated DNA plasmid with a specific restrictienzyme (Dpnl), the recovered plasmid
carrying the mutation can be transformed into stgapetent. coli cells (XL1-Blue). The
vector is then amplified, extracted and purifiegpesviously described (8§ 3) and then used for
transformation into competent cells for proteinregsion (BL21 Star).

Mutants were then expressed and purified acconditigthe protocols described above
(8 4) for RecN and RedMad domain in order to compare the behavior of théeckht
proteins in solution. Elution volumes and hydrodyia radii were used as means for

estimating changes in the properties of these imote solution.

2.6. SDS and Native PAGE

Purification of the proteins of interest requiredjular analysis of the resulting fractions
in denaturing conditions through sodium dodecylfatal (SDS) polyacrylamide gel
electrophoresis (PAGE). 10 to 15% gels were prepa® described in (Sambrook et al,
1989). Biorad mini-Protean Il gel systems were usedin gels at 150-200 V. The solutions
were prepared as follows:

= Running buffer (10X) pH 8.3: 30 g/l Tris base, BI#glycine and 10 g/l SDS

= SDS sample buffer (4X) for 8 ml: 3.8 mb@®, 1 ml 0.5 M Tris-HCI pH 6.8, 0.8 ml

glycerol, 1.6 ml 10% (w/v) SDS, 0.4 rfitmercaptoethanol and 0.4 ml 1% (w/v)
bromophenol blue.

Under denaturing conditions, the proteins are rsg@d and migrate only accordingly to
their respective sizes, since the SDS masks theiratl protein charge. 10% acrylamide gels
were prepared for RecN, containing, for a 5 ml [fisalution, 1.98 ml HO, 1.67 ml

46



Acrylamide 30%, 1.25 ml Tris 1.5M at pH 8.8, ploof SDS 10%, 5@l of APS 10% and 2l
TEMED. 15% acrylamide gels were instead preparedRéxNeadand Reclc proteins and
here water was replaced by acrylamide (2.5 ml) evkdeping constant the amount of all the
other reagents.

To separate proteins according to their chargeeaas 5% native TBE gels at pH 8.3
were prepared and run in non-denaturing conditi®3S, therefore, was omitted in the
preparation of the gel mix and the running buffample buffer was replaced by supplying 1
ul of glycerol 100% to the aliquot to load.

To visualise the proteins on either SDS or Nati¥e&sE, the gels were stained with a
coomassie staining solution (containing 0.1% coaieablue, 40% ethanol and 10% acetic
acid) for 10-15 minutes and then incubated in d@aileisg solution (containing 5% acetic acid

and 7% ethanol) until protein bands were cleartyble.

2.7. Limited proteolysis

The protein of interest (10g per well) was incubated with different proteaSeypsin,
Subtilisin, Proteinase K, Chymotrypsin) at a 1:50@€00. Samples were taken at different
time points, such as 0, 1, 5, 10, 15 and 30 minutesder to observe the degradation pattern
of the target protein. Proteases cleave more eessiglues present in exposed and flexible
regions, like loops or linkers between domains. @amcorresponding to the different time
points were then run on a 15 % SDS-PAGE gel. Fdaemtinal sequencing, the gel was
electroblotted onto a polyvinylidene difluoride (B¥) membrane. The membrane was
stained and the bands resistant to protease cleavage excised and sent for N-terminal

sequencing analysis to identify the first 5 aminm aesidues at the N-terminus of each band.

2.8. Production of seleno-methionine derivativesf &®ecNnhead and RecNec

E. coli strain BL21 Star cells containing the plasmid (RET-TOPO) with the gene
encoding for the target protein were grown at 3if°& minimal medium composed as follows
(for 1 liter culture): 200 ml M9 (stock 5X), 800 nalutoclaved KO, 2 ml MgSQ 1M
(autoclaved), 0.1 ml CagllM (autoclaved), 20 ml glucose 20% (w/v) filteretfter the
ODggoreached a value of 0.6-0.8, single amino acids wepplemented in order to inhibit the
metabolic pathway for the usual synthesis of meihe. L-lysine (100 mg/l), L-
phenylalanine (100 mg/l), L-isoleucine (50 mg/l}lducine (50 mg/l), L-valine (50 mg/l)
were added to the cell culture. Finally, insteadngfthionines, Se-methionines (Se-Met) (60
mg/l) were added in order to be incorporated if® hewly synthesized protein (Doublie,
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1997). After incubation for 15 minutes in orderstart Met synthesis, protein expression was
induced upon addition 1mM IPTG for 16 hours at @0Cells were then centrifuged at 7,548
g for 30 minutes, as for all the proteins charao¢er in this work, and then frozen at -80 °C if
not freshly used for protein purification.

Cell lysis and purification were carried out acdogdto the protocols used for the
respective native proteins. Once sufficient amooifsurified protein were obtained (~15-20
mg final), crystallization drops were set up usiing same conditions as for the native proteins
and then crystals were used in order to performmaaus dispersion experimental phasing
(SAD).

Composition of the media M9 (5X): 30 g MO, 15 g KHPOy, 5 g NHCI, 25 g

NaCl, water to 1 liter volume. The buffer is thenaclaved.

2.9. Multi-Angle Laser Light Scattering

SEC combined with Multi-Angle Laser Light Scatteyi (SEC-MALLS) and
refractometry (RI) is a powerful method for measgrithe absolute molecular mass of
macromolecules. SEC experiments were performed oBuperdex 200 column (GE
Healthcare) equilibrated in a buffer containing B0niris-HCI pH 7.5, 5mM MgC and
either 1M NaCl or 150mM NacCl in the case of Recllgsis. Buffer containing 50 mM Tris-
HCI pH 8, 300 mM NaCl and 5 mM Mgglvas, instead, used for analysis of Reehd
RecNcc and RecMdd. Prior to sample injection, the SEC column wasbcated using bovine
serum albumin, which has a Stoke’s radius of 3.4 @n-line MALLS detection was
performed using a DAWN-EOS detector (Wyatt Techgpldorp., Santa Barbara, CA)
equipped with a laser emitting at 690 nm and a B02@etector (Schambeck SFD) for
refractive index analysis. Light-scattering inteéiesi were measured at different angles
relative to the incident beam and weight averagethmmasses (Mw) were calculated using
the ASTRA software (Wyatt Technology Corp., Sansatfra, CA).

2.10. Dynamic Light Scattering

DLS measurements were performed using a fixedtesoay angle Zetasizer Nano
(Malvern Instruments) and quartz cuvette. The pepersity index (pdl) was calculated as
the square of the normalized standard deviatioanotinderlying Gaussian size distribution.
All experiments were performed at 20 °C. The Stekestein equation (Nobbman et al, 2007)
can be applied for conversion of the diffusion ¢ie&fnt into the hydrodynamic coefficient
“dy” which ideally represents the size of a sphere thighsame diffusion properties.
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In the case of the analysis of hydrodynamic rafiRecN and RecNeadproteins upon
ATP addition, samples at a concentration of 80{180of protein were used. Measurements
were recorded after incubation for 30 minutes aP@gBeither in absence or in presence of 2
mM ATP.

2.11. Small Angle X-ray Scattering

SAXS experiments were all performed on ID14-hatESRF (Pernot et al, 2010). Full-
length RecN in high salt conditions (1M NaCl), Réeldd RecNec, RecNddd and
Rechhead®”®4"2Q were measured. Data were collected at 0.931A usinBilatus 1M
detector (Dectris, Switzerland) which is positioried meters away from the sample capillary.
The homogeneity of protein samples was previousgcked by DLS. Three different protein
concentrations were measured together with thenesponding buffers. Samples were flown
while exposed to X-rays in order to avoid radiatitaamage and thus 10 frames of 10 seconds
duration each were collected. Buffer subtractiod data processing were performed using
PRIMUS (Konarev et al, 2003), which also allowed to eatenthe radius of gyration ¢R
through Guinier approximation, which is reprodueilalimong all the different measurements.
Estimation of the MW was determined either from deattering intensity at zero anglg) (I
directly from PRIMUS or from the Porod volume, u$iAUTOPOROD (Petoukhov et al,
2007). When the subtracted curves correspondinigetdhree different protein concentrations
superposed well, inter-particle effects could belwded and the data could be used for further
analysis. Scattering of the buffer was measuredrbednd after the protein sample and then
subtracted from the protein in order to maximize signal/noise ratio of the sample.

The curves corresponding to the highest and tvedoprotein concentrations were then
merged together and used as input file for GNOMe(gun, 1992) for determination of the
distance distribution functionP(r)). The output files were subsequently used dbrinitio
model reconstruction. Data were submitted to DAMM(Svergun, 1999) (for RecN,
RecNhead RecNcc and RecMdd) in order to perform model building cycles usirtet
EMBL BioSAXS web server (EMBL, Hamburg). In the easf Rechiead®"®4"2Q the
program GASBOR (Svergun et al, 2001b) was instesadl fiorab initio model building. In all
cases, several models were produced, analyzed w@mgbquently aligned, averaged and
filtered using the DAMAVER package (Volkov & Svergu2003).

Comparison of experimental and theoretical scatiericurves for RecN and
Rechhead®"®4"?yas performed using CRYSOL (Svergun et al, 1995jcvalso enabled
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to determine the goodness-of-fit (GOF) betweerdtta through Chi-squared calculatigf) (

A suitable model of the Rediad® 5 4"??was obtained using MASSHA (Svergun et al,
2001a), which allows to move the atomic coordindtlesin order to fit the experimental
scattering curve. Theab initio envelopes of RecN, Retldad RecNc and
Rechhead®"VE472Q were subsequently superimposed to their respeeativmic models by
running SUPCOMB (Svergun & Kozin, 2001), throughearergy minimization calculation of
the fit.

2.12. Crystallization

Initial crystallization screening for all RecN pems was performed at 20 °C using
sitting-drop vapor diffusion Greiner Crystal Quighlates. A Cartesian PixSys 4200
crystallization robot (High Throughput Crystallicat Laboratory at EMBL Grenoble) was
used in order to test 576 different crystallizatmonditions (method described in (Dimasi et
al, 2007)). The following commercial screens (HamnpResearch) were set-up: Crystal
Screen | & Il, Crystal Screen Lite, PEG/lon, MembFBlatrix, QuickScreen, Grid Screens
(Ammonium Sulfate, Sodium Malonate, Sodium Form&EG 6K, PEG/LICl, MPD) and
Index Screen.

Crystals were obtained for many of the construsexd in this work, such as Reudad
RecNce, RecNMdd. Some of the mutants produced for biochemical atttarization, such as
Rechhead*"?? and Rechead®E4"?Rwere also crystallized. Once initial conditions aver
defined, manual optimization was carried out byisgtup hanging drop plates (Hampton
Research). Different buffers, pH, PEG concentrati®?EG sizes, additives (from the Additive
Screen, Hampton Research), and protein concemtsaivere assayed in order to establish the
conditions that gave the best crystals.

RecNhead and RecMc were crystallized as described in paper | (Pelheget al,
2012b) and paper Il (Pellegrino et al, 2012a) retpely, and the conditions for the native
proteins were suitable also for the Se-Met sulisttu

RecM\dd was also initially crystallized using the robot #ite High Throughput
Crystallization (HTX) laboratory (EMBL, Grenoblelrystals were reproducible but the best
data set (4 A resolution) was collected directiynircrystals coming from the robot plates.
Manual optimization did not improve the quality atiterefore, higher resolution data was not
achievable.

50



Rechead*"??and RecMead®’ VB2 mutants were also crystallized using the robot at
the HTX laboratory. Crystals of Reblad®*5"2Q were also reproducible after manual

optimization of the initial conditions (chapterif)hanging drop plates.

2.13. X-ray diffraction data

Crystals of native and Se-Met derivatives of Rieeddand RecMc were obtained and
X-ray diffraction data was collected at the Eurap&ynchrotron Radiation Facility (ESRF)
protein crystallography beamlines 1D14-4 (McCartttyal, 2009), 1D23-1 (Nurizzo et al,
2006) and ID23-2 (Flot et al, 2010) as describe@ellegrino et al, 2011). Diffraction data
suitable for further analysis was collected for cRleead RecNcc and RecMdd protein
crystals at 100 K. Data were subsequently proceeghdr using IMOSFLM (Battye et al,
2011) (RecMead and RecNc) or XDS (Kabsch, 2010) in the case of Racdd. Full
redundant data sets were collected for the natidesaibstituted Se-Met proteins (Réxwhd
and RecNc). Single-wavelength Anomalous Dispersion (SAD) exkpents were performed
on Se-Met substituted protein crystals and for phigpose the energy of the X-ray beam was
moved to the value corresponding to the absorgieedge of the Selenium atompefk).
Data were then processed and the intensities samed) SCALA (Evans, 2006) where
anomalous pairs were separat€d« 1), since Friedel's Law is broken in the presence of
anomalous scatterers. Structure factors were theargted and the output file used either for
Molecular Replacement (Mol.R.) in the case of Re&ddl or for experimental phase
determination and model building (Reodhdand Recdc).

2.14. Structure determination and refinement

The RecNieadand RecNc crystal structures were solved to resolutions.6fgéhd 2.0
A respectively, by the SAD method using Se-Met\dsive crystals produced as described in
Materials & Methods and in paper | and Il (Pellegriet al, 2012a; Pellegrino et al, 2012b).
The Phenix suite for Redad(Adams et al, 2010) and Auto-rickshaw for RecPanjikar
et al, 2005) were used for location of heavy atophsise determination, density modification
and initial model building (ARP-wARP was used i ttase of Rectt). Multiple cycles of
manual model building using COOT (Emsley & Cowtafi04) interspersed with refinement
were then performed to complete the models. Sttisf the crystallographic and refinement
data are reported later in chapters 4 and 5 amdimlpaper | and Il (Pellegrino et al, 2012a;
Pellegrino et al, 2012b).
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The RecMeadcrystal structure was refined usipbenix.refing(Afonine et al, 2010),
applying non-crystallographic symmetry (NCS) durthg early steps of refinement in order
to improve the electron density map and tightetiegweighted X-ray/stereochemistry scale.
Occupancies and B-factors were also refined fohn eaam.

The RecNc crystal structure was instead refined uskRegfmac5(Murshudov et al,
1997) and phenix.refine as last step, using the same reflections as tets. s
Translation/Libration/Screw (TLS) groups, which wereated as independent rigid bodies
during the refinement steps, were determined u3ib§ Motion Determination (TLSMD)
server (Painter & Merritt, 2006). Optimization diet stereochemistry and final round of
simulated annealing resulted in reasonable stistiith good geometry (data shown in
chapter 5).

The structure of Reclitld was instead solved by Molecular Replacement wlih t
programPHASER(McCoy et al, 2007), which produced a single solutvith good statistics
RFZ (rotation function Z-score): 14.3, TFZ (trarigla function Z-score): 12.7 and LLG (log-
likelihood-gain): 438. A truncated form (containirgsidues 196-238 and 306-364) of RecN
and the entire Redidaddomain structures were used as search models.|Madéing was
carried out inCOOT (Emsley & Cowtan, 2004) and the atomic positiond aLS parameters
initially refined usingRefmac5(Murshudov et al, 1997)Jelly-body refinement, Babinet
scaling, map sharpening and the use of a weightng which gives more weight to the
stereochemistry, were used to refine the data/trdsolution (Murshudov et al, 2011). For
the final cycles of refinemerghenix.refine(Afonine et al, 2010) was used instead. Tight
stereochemistry weight scale, simulated anneaiegpndary structure restraints and a higher
resolution reference structure (RéwMddrefined at 3 A resolution) were used as sources of
restraints for improving the low-resolution refinem. B-factors were not refined due to the
low resolution of the data and were instead fixethe Wilson B-factor value (70%%

The final Ryor/Riree Values for RecNead RecNec and RecMldd were respectively of
21/24.9%, 20.3/25.1% and 32.5/34.7%. Final strectewvaluation was performed by
submitting the models tMolProbity server (Chen et al, 2010), which resulted in aatgpt
Ramachandran statistics in all three cases: theeptrge of allowed/outliers is 96.78/0.3 %
for RecNhead 98.78/0 % for Recbt and 92.4/1.4 % for RecMdld. Crystal structures were
finally deposited at the PDBe database with theowahg codes: Rechiead(4aby), RecNc
(4abx), RecMdd (4ad8).
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lllustrations of protein structures were createdngisPymol (Molecular Graphics
System, Schrédinger, LLC). Electrostatic surfacéeptial was calculated with PDB2PQR
tool (Dolinsky et al, 2007) and then visualizedngsthe plugin APBS developed by Michael
Lerner and Heather A. Carlson.

2.15. ATPase assay

ATP hydrolysis of RecN, Rediadand their respective mutants was measured using
the Malachite green assay (Baykov et al, 198®)lachite green is a reagent that, together
with molybdate, reacts with the ortho-phosphateaséd in solution upon ATP hydolysis. The
assay was carried out at 37°C in buffer contai®®gnM Tris pH 7.5, 1 M NaCl and 5 mM
MgCl, using 2uM of protein. A sample with no protein was usedhdsdank. Reactions were
started by addition of 0.5 mM ATP. 1@Daliquots were collected at different time poir@s:
3, 5, 10, 15, 30, 45 and 60 minutes. The hydrolgesgstion was stopped by placing the tubes
immediately on ice for 5 minutes. Samples were asgbently loaded on a 96-well plate and
thoroughly mixed with 2l of malachite green reagent (Sigma). Complex faimnabetween
phosphomolybdate and malachite green was measu63® am using an EPOCH microplate
spectrophotometer (BioTek Instruments Inc.). Theoabance readings were converted to
phosphate concentrations using a standard curablissted with a series of sodium phosphate
monobasic (NabPQ,) solutions. The rates of phosphate release pfiol min?) were
determined from the slopes of the resulting curvese plotted values correspond to the
average of three independent measurements. Startanidtions were also calculated.
Furthermore wild-type RecN and Reodadwere tested in low salt condition. Concentrated
protein (10 mg mt) was diluted in buffer containing 50 mM Tris pH57100mM NacCl and
5mM MgClk and measured as previously described. 50-mer ds{Euhofins MWG) at a
final concentration of 0.@M was supplemented in order to see any differend®TiPase rate
induced by the oligonucleotide.

Earlier experiments for testing ATPase activity RécN were performed using a
spectrophotometric assay, which couples ATP hydrslyo the synthesis of pyruvate from
phosphoenolpyruvate (PEP)(Kiianitsa et al, 2003).
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Figure 29: Schematic diagram of the reaction tegenerates ATP through the oxidation of NADH, mezdas

a decrease of the absorbance at 340 nm.

The assay was not used for investigation of RegMrdiytic activity since the
regeneration system (Figure 29), composed of pyeuvkinase (PK) and lactate
dehydrogenase (LDH), was affected by the buffedusethe experiment. It is crucial that
measurements of the blank (with no ATPase) arechlgiflat, with no detectable decrease in
the absorbance at 340 nm. In the conditions tesiadever, the blank measurement was not
reliable, since a considerable slope was observetl al the other measurements were,

therefore, invalidated.

2.16. Plasmid multimerization assay

DNA substrates were prepared by digesting pUCI8eI{fio Fischer Scientific Inc.)
with three different restriction enzymes (Fermenté$ Sspl produces DNA blunt ends, (ii)
EcoRlI creates 5’overhangs and (iii) Sacl gives tis8'overhangs. The plasmid was digested
at 37°C for 1.5 hours and then enzymes were iratetilvby heating to 65°C for 20 minutes.
The plasmid multimerization assay was carried aubuffer E containing 25 mM Tris-HCI
pH 7.5, 1mM DTT, 17.5 mM Mg(OAg) 40 mM KOAc, 5% (v/v) glycerol and 2.5% PEG 8K
(Reyes et al, 2010). An ATP regenerating systers 2V PEP and 10 units of PK / LDH)
was supplemented to the sample reactions. RecNRanthhead samples were diluted in
buffer E to reach final concentrations of 0.05,,@5b, 1, 2 and 4M. Samples were mixed
with the ATP regenerating system anduB! bp (200 ng) of DNA substrate. ATP at a
concentration of 3 mM was then added and reactitunes were incubated at 37°C for 30
minutes. Subsequently 5X DNA ligase buffer and0.6f T4 DNA Ligase (5ull) was added
to each reaction and the samples were incubateghfadditional 30 minutes at 25°C. To stop
the reaction, 8@l of solution S (20 mM Tris-HCI pH 7.5, 20 mM EDTand 0.5% SDS) was
added. Complete enzyme inactivation was achieveadoltion of 25ug of proteinase K and

incubation at 25°C for 15 minutes. Samples weresasgbently purified using the QIAquick
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Gel Extraction Kit (QIAGEN) and finally resuspend@d35pul of 10 mM Tris-HCI pH 8.5. 10
ul of each sample was loaded onto a 0.5% agaroseogé&hining Ethidium Bromide (EtBr).
Gels were run at 55 Volts for 70 minutes and DNAds were visualized using an UV

imager.

2.17. DNA-bandshift assay

Electrophoretic Mobility Shift Assays (EMSAs) weperformed in order to test the
DNA-binding ability of RecN. Purified proteins wediluted in buffer D (50 mM Tris-HCI
pH 8, 100 mM NaCl and 5 mM Mgglto a final concentration of 5, 20 and p®l. Two
different DNA oligonucleotides were used, both dinal concentration of 0.AM: a 50-mer
dsDNA and another oligonucleotide of the same lergid sequence in which the thymine at
position 26 is labeled with a fluorescein moietyi(@&ins MWG). Samples were incubated at
18°C for 15 minutes and then loaded onto a 5% egtolyacrylamide gel prepared by mixing
30% acrylamide with the desired buffer, either ‘Brate-EDTA (TBE), Tris-Borate (TB) or
Tris-HCI at different pH values. ElectrophoresissWimally performed at 4 °C and the gel was
prepared and run in TB (pH 8.3) buffer for 70 mewiat 65 volts. A Typhoon 8600 Variable
Mode Imager (GE Healthcare) was used to detectqaadtify the fluorescently-labeled and
EtBr stained DNA (unlabeled oligonucleotides). Traetion of free DNA was determined by
guantifying the amount of bound and free DNA at hegwotein concentration. The
experiments were carried out in triplicate. In tiesse of full-length RecN, the gels were not
suitable for DNA quantification due to the sign#it amount of protein that remained in the
wells. Attempts to improve the fraction of proteivat entered the gel, using different EMSA
protocols and gel types, failed most likely assulieof the very elongated shape of RecN and

its tendency to form large oligomeric structureshie presence of DNA.
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Chapter 3:
Biophysical characterization of full-length

RecN in solution
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Summary of chapter 3

RecN was cloned in a suitable vector, overexpressel purified to homogeneity for
further analysis. Characterization of RecN protei@s performed taking advantage of the
numerous biophysical methods available. Multi-Andlaser Light Scattering and Small
Angle X-ray Scattering were particularly useful fassessing the oligomeric state of the
protein in solution and they both led to the cosu that RecN is a dimer.

Crystallization trials, however, were not succeksid therefore new constructs were
designed. Bioinformatic tools and limited proteddyallowed to identify the two principal
domains, which make up RecN: a Nucleotide Bindirgriain and a coiled-coil region. The

study of these two constructs will be thoroughlycdissed in the following chapters.

Résumé du chapitre 3

RecN a été cloné dans un vecteur approprié, sunegmt purifié a I'homogénéité pour
des analyses ultérieures. La caractérisation d&l Re&té réalisée en profitant des nombreuses
méthodes biophysiques disponibles. Les techniqeeatkiftlsion de lumiere laser multi-angles
et de diffusion de rayons X aux petits angles eétparticulierement utiles pour évaluer |'état
oligomérique de la protéine en solution, et menértes deux a la conclusion que RecN est
un dimére.

Nos essais de cristallisation, cependant, n’ont pasluit de cristaux, et donc de
nouvelles constructions furent congues. Les obiitnformatiques et la protéolyse limitée
ont permis d'identifier les deux principaux domairgeii constituent RecN: un domaine de
fixation du nucléotide et une région formant unséaau d’hélices (coiled-coil). La

caractérisation de ces deux constructions seré@elécr détails dans les chapitres suivants.
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3.1. Cloning, expression and purification of Red

DR RecN is a protein of 564 amino acids, with eotietical molecular weight (MW) of
59.8 kDa and a theoretical pl of 4.83, as calcdldig ProtParam (Wilkins et al, 1999). The
sequence encoding DR RecN was amplified and clamteda suitable vector for expression
in E. coliBL21 Star cells.

Cells were resuspended in (25 ml / L culture) miffer L-1 (described in Materials &
Methods). The soluble fraction was loaded onto &'-Bffinity column (Ni-chelating
sepharose, GE Healthcare) in order to specificlyarate proteins containing His-tags from
the ensemble of other proteins contained in the Belffer A-1 was used to equilibrate the
Ni?*-column while buffer B-1 was used for elution oketlprotein, given the competitive
properties of the imidazole ring with the His-t&pne first wash step at 4% B, corresponding
to 20mM imidazole, was necessary to remove moshefcontaminants. However, a large
amount of RecN (15%) (Figure 30), was also elutatglow imidazole concentration
indicating that the tag was weakly bound to theugwoi. Once the first peak eluted and the
absorbance was again stabilized, a final step@#1B-1 (containing 500 mM imidazole) was
introduced to elute RecN protein, mostly in punerf@Figure 30).
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Figure 30: Affinity chromatography profile (at 280n) for full-length RecN protein. The first pealuting at
4% B-1, contained most of the contaminants but al$@ction of the target protein (as seen in teeap the
right). The peak eluting at 100% B-1, however, déel ~15 mg of almost pure RecN for each liter dfuce.
The SDS-PAGE gel with the fractions correspondinghte main and secondary peaks is shown on thé righ

MWs are reported in kDa. P: pellet; S: solubletimag FT: flow-through.
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RecN containing fractions were analyzed by runn8S—-PAGE on the fractions
corresponding to the main and also the minor pee&slting from the chromatogram. For
RecN, 10% polyacrylamide gels were prepared ana ilne at 200V for 45 minutes.

The pooled RecN fractions were subsequently didlagainst buffer D-1 (described in
Materials & Methods). His-tag cleavage was perfatraeernight at 4 °C, at the same time as
the dialysis, using the TEV protease. 0.5mM EDTAsvaaded in order to remove traces of
Ni?* ions. SDS-PAGE confirmed that the tag was fullpasied and then RecN was
concentrated to a concentration of ~10 md mnd finally loaded onto a Superdex 200 Size
Exclusion Chromatography (SEC) column (GE Healtdggpreviously equilibrated in buffer
D-1. RecN eluted as a single peak at 54 ml on &$ex 200 16/60 column (GE Healthcare)
(Figure 31). A low amount of contamination absogoat 254 nm, most probably DNA, is
present eluting at the void volume. Previous trimsfurther purify RecN using an ion
exchange column (MonoQ, GE Healthcare), led to amdtic decrease in the amount of
purified protein. In the present protocol, howewle contamination is easily excluded from

the pooled fraction containing RecN (Figure 31).
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Figure 31: SEC (Superdex 200) profile of RecN in MEICI condition. Protein absorbance at 280 nmpsnted
in blue, while nucleotide absorbance at 254 nm i®d. The protein eluted as a single, almost sytmicaépeak,
indicating it is largely a single species presensolution. The acrylamide gel also confirmed tleity of the
protein batch. The red arrows (1, 2 and 3) arecatdie of the presence of some contaminants, domgisostly
of DNA (10pl of each fraction were loaded, while for the mp&ak 1-2ul were sufficient to check the purity of

the RecN elution fractions). MWs are reported irakD
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RecN was shown to be crucial for IR sensitivity @R, since a truncation at its C-
terminal caused the decrease of the cells toleremoeadiation (Funayama et al, 1999). We
wanted to investigate at the level of the protelmywhe C-terminal truncation would be so
relevant for the protein function. A construct lak the last 47 amino acid residues was
therefore prepared. However, we encountered soot#egms in purifying such a C-terminally
truncated RecN. Expression tests and initial affichromatography steps yielded a mostly
insoluble protein (Figure 32). A plausible explaoatfor this behavior could be that this
deletion disrupts the correct folding of the glaullomain. Our structural studies will reveal

that this is indeed the case, as discussed ldtap{er 4).
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Figure 32: Affinity chromatography o
RecNA47, which gave rise to a mostly
insoluble protein (considerable amount
present in the pellet). MWs are reported.|P:
- pellet; S: soluble fraction; FT: flow

h n through.
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3.2. Biophysical characterization of RecN

Purified RecN was used for SEC-MALLS analysis, Wwhaharacterized the sample in
the presence of high (1M) and low (150 mM) saltteah (Figure 33). A clear shift in the
elution volume from the GF column (Figure 33) highted the different behavior of RecN in
these two conditions. RecN elutes as a heterogemaouof species in low salt buffer while
in presence of 1 M NaCl, RecN elutes in a dimeoitrf as a single species with a molecular
mass of 108 kDa (Figure 33).
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Red: RecN in 150mM NaCl
Blue: RecN in 1M NaCl {\
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Figure 33: SEC-MALLS analysis performed on full-ggim RecN. Two different buffer conditions reveatédt
the oligomeric state of RecN is sensitive to saliaentration. A stable dimer is formed in 1 M Na&Veraged
MW are indicated close to the respective curvesrapdrted, in the form of a table, in paper Il {Egrino et al,

2012 submitted).

The purified RecN in 1M NaCl was used for furtH@ophysical analysis, since it
appeared to be the most homogeneous sample. Podwft a highly pure protein is
fundamental in order to perform Small Angle X-ragaBering (SAXS) studies and for
obtaining protein crystals (Putnam et al, 2007)mdgeneity of our protein solution was
assessed by DLS (8 Materials & Methods) prior toXSAmeasurement, resulting in a
polydispersity index (pdl) of 0.16, which is indice of a highly homogeneous sample.

SAXS studies were performed on RecN (Figure 3#g d@ata collected on full-length
RecN were highly reproducible at the three differemncentrations measured: 2.5, 1.25 and
0.5 mg mf'. The scattering profiles of the three measuremsmerimposed well, indicating
that there was no inter-particle effect due to temcentration of the macromolecules in
solution. The curve corresponding to the lowestceoitration (red) is noisy at highvalues,
which correspond to the high resolution portiorthe# curve, but superpose very well at low
g, where the Guinier region is being used ferdstimation (Putnam et al, 2007), which was
found to be ~9.5 nm. The Value was in agreement with a dimeric assemblfulbiength
RecN and the profile of the calculated Pair distitm function (Figure 34), characterized by
a long tail at higher ax values (Putnam et al, 2007), clearly indicates fii&length RecN
is elongated in solution. The shape of the) Bhown in Figure 34 and also in paper Il
(Pellegrino et al, 2012 submitted) suggests that\Re likely to be fairly elongated, as would
be expected for an SMC-like protein (Hirano, 2002).

62



A) B)

0.08
1

0.06
1

I (relative unit)
0.04
|

log(l) Relative unit

0.02
I

0.00

Dmax (nm)

Figure 34: RecN has been proven to be a suitabhplsafor SAXS. A) Scattering curves were collecidhree
different concentrations and used for further eatidun analysis. The scattering curve correspondinghe
lowest concentration adopts the same charactesiséipe as the other two, but is more noisy anditylighifted
at high scattering angles. B) Pair distributiondiion derived from the experimental scattering euof RecN
using GNOM. The characteristic shape of this cuwigh a narrow peak with an extended tail at higiaP
values (reported in nm), indicates that the macteoute in solution could be rather elongated. ThevRlue

was at the limit of the detector set up, so somergneed to be taken into account.

The first part of the curve at low angles was usedurther analysis, since our interest
focused primarily on the overall shape determimatior this protein. Anab initio
reconstruction gave rise to the envelope proposeBigure 35, with the presence of two
bulky regions at either ends. The envelope is 315nAength. No symmetry or prior
information was used for the reconstruction calboes. This work represents the first

structural study of a RecN protein.
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Figure 35:Ab initio envelope of RecN obtained by SAXS. DAMMIN was u$edgenerating the dummy sphere
model using the lovg region of the SAXS curves, as previously descriffés: envelope is very elongated (315
Along).

Full-length RecN was found to be a very challengingtein for crystallization and no
crystals have so far been obtained. Protein in 1&CINwhich appeared to be the most
homogeneous and stable sample, was used for sefiimyops manually and with the
crystallization robot (HTX EMBL-Grenoble). Drops veeset up as described in Materials &
Methods and then controlled once a week for seveoaths but the drops did not give rise to
any interesting hits: mostly precipitation was fedafter addition of the precipitant solution,
although some drops with promising phase separafiigure 36) did show up after
approximately 1 week in a few conditions. Thesayénwer, did not produce any crystalline
material after manual optimization in hanging dpates (Hampton Research). Drops were
set up using different protein:reservoir ratiospider to play with the final concentration of

the protein.
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Figure 36: Example of the drop of RecN in condition

of MembFac screen (Hampton Research). Manual
optimization did not lead to improvement. Different
ratios of protein:reservoir were used but were not

successful in giving rise to crystals.

3.3. Towards a high resolution structure of RecN

DR RecN was found to be fairly soluble and easwdok with compared to it&. coli
homologue (Grove et al, 2009). Initial purificatiovas optimized in order to stabilize the
protein in solution. High salt concentration in thefer was crucial for protein homogeneity,
as seen by its low polydispersity index (DLS) oritsyestimated MW by SEC-MALLS (the
measure was constant through the entire elutiok)p@&agure 33). SAXS analysis of RecN
led to the reconstruction of af initio model (Figure 35), which provided some new insight
into the overall shape of the full-length proteRecN was characterized using various
biophysical methods, each of which resulted in fiadings.

However, the main goal of this first part of theojpct was not achieved, since
crystallization studies of RecN did not succeedpiinducing any crystalline material. We,
therefore, decided to focus on the study of simgenains, since structural information of
homologous proteins, such as SMC, Rad50 and Mukds awailable. New constructs of
RecN were therefore designed corresponding to tedigied domains. In literature, in fact,
the NBD of homologous proteins have been extensiv&ldied, together with the
dimerization interface of the coiled-coil (Hopfretral, 2002; Hopfner et al, 2000; Lammens
et al, 2004; Li et al, 2010; Lowe et al, 2001).

Limited proteolysis can also aid in defining therton or domains of the protein that
are more compact and, therefore, stable than otiggons that are, in contrast, more flexible
and exposed to the solvent. Such an experimentppedsrmed on full-length RecN and the
results, together with secondary structure preahic(iPsiPred) and the available literature,
were used to define putative domain boarders (Eid@#). N-terminal sequencing (Edman,
1949) resulted in the identification of residueattiikely reside in flexible or exposed regions,

and therefore prone to attack by proteases (t@Pade K in our specific case).
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Figure 37: Limited proteolysis performed using RecN
purified protein (marked as 0) and incubating ithwi
1/5000 ratio of Proteinase K (Sigma Aldrich).
Aliguots at different time points (1-30 minutes)ree
collected and finally loaded onto a 12% denaturing
acrylamide gel. MWs are reported in kDa.
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N-terminal sequencing allowed the determinatiorthef first five amino acid residues
placed at the N-terminus of each characteristignrent generated by proteolysis (indicated
by black arrows). Once the sequence of these weosvik, amplification and subsequent
cloning of the gene codifying for the single donsaof RecN was performed as described in
Materials & Methods.

Several constructs were designed (Table 5) ariderend, two of them resulted to be
very successful: the globular NBD, referred to asfhead in which the N- and C-terminal
domains were linked by a 14-amino acid linker amel ¢oiled-coil region, referred to later as
RecNce. In the table below, a list of the constructs dfigal, cloned in pET-151 TOPO and
expressed irE. coli BL21 Star is provided (Table 5). In some cases, ¢loning was
unsuccessful, particularly when trying to enginaeshort (8 amino acid) linker between the

N- and C-terminal domains.
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Constructs Cloning Expression test

N-term 1-196 Yes Insoluble
N-term 20-196 Yes Insoluble

CC 196-365 Yes Soluble

CC 196-387 Yes No expression
CC 240-365 No

CC 240-387 Yes Soluble

C-term 366-564 Yes Insoluble
C-term 388-564 Yes Insoluble
N+C-term 1-564 linker 8 residues No

N+C-term 20-564 linker 8 residues No

N+C term 1-564 linker 14 residues Yes Soluble

N+C-term 20-564 linker 14 residues No

RecN34 (N-terminal truncation) Yes Soluble

Table 5: List of the constructs designed to be etbim pET-151 TOPO vector for expression and sbtyhiests
in E. colicells, strain BL21 Star.

Attempts with the single N- or C-terminal domawfsRecN produced only insoluble
protein. Cells expressing the two single domaios@lwere also mixed together prior to cell
lysis, but this was also unsuccessful. The purpdgbis experiment was to reconstitute the
putative NBD within E. coli. Large-scale expression was therefore performedthe

constructs that best behaved in the expressias test
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N-terminal C-terminal
1 195 366 564
N_NBD | Coiled-coil | CNBD | RecN
1 195 366 564
‘ N_NBD #. ,ﬁ C_NBD RecNhead
14 residues
196 365
| Coiled-coil | RecNcc

Figure 38: Schematic diagram of the constructs deedstructural, biophysical and biochemical anedlysf
RecN. The different domains, as predicted by seagnstructure prediction analysis, are colorededdntly: the

N-terminal NBD fragment in orange, the C-termind8DIfragment in green and the coiled-coil in yelloihe

RecNheaddomain is represented with a peptide linker thae$ the N and C-termini (Pellegrino et al, 2012c).

We were particularly interested in two of themtaimy the construct that codified for
the N- and C-terminal domains fused by a 14-resiihier peptide (RecNead and the
coiled coil domain (Figure 38). The latter corrasgiog to residues 196-365 (Reud)l was of
particular interest because it represented themetiiat we had removed from the Réeldd

construct. Together, these two constructs wouldnstitute the full-length protein. RebBad

and RecNc were amplified, cloned and expressed as desciitbedaterials & Methods

section and in (Pellegrino et al, 2012a; Pellegenhal, 2012b).
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Chapter 4:
Structural and biochemical characterization

of RecNhead domain
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Summary of chapter 4

The head domain of RecN is relatively conservetl gimilar to that of SMC or SMC-
like proteins, such as Rad50 for instance. We ssfolly cloned, expressed and purified a
construct containing the N- and C-termini of Realsefd by a short peptide linker, which we
referred to as Rediad We successfully crystallized this protein andegikd diffraction
data to a maximum resolution of 3 A. Se-Met deiixest were needed in order to solve the
phase problem by the Single-wavelength Anomalosp&ision method. The crystal structure
is presented here, together with Multi-Angle Lakght Scattering and Small Angle X-ray
Scattering studies of the protein behavior in sotutThe crystal structure fitted very well
with the ab initio model reconstructed by Small Angle X-ray Scatggrand we could
conclude that Redhead shares common structural features with homologprsteins
belonging to the SMC family.

The crystal structure of Retiad domain represented the first high-resolution

structural information known for a RecN protein.

Résumé du chapitre 4

Le domaine globulaire de RecN, nommé ‘head’, dativement conservé et semblable
a ceux des protéines de la famille SMC, telle qaed3® par exemple. Nous avons réussi a
cloner, exprimer et purifier une construction quais appellons Rediad comportant les
domaines N- et C-terminaux de RecN fusionnés parcanrte chaine peptidique. Nous avons
réussi a cristalliser cette protéine et a recueidis clichés de diffraction a une résolution
maximale de 3 A. Des dérivés contenant des métesrséléniées ont été nécessaires afin de
résoudre le probléme de phase par la méthode dersisn anomale a une longueur d’'onde
unique. La structure cristalline de Rdwdest présentée ici, accompagnée des études de
RecNheaden solution par diffusion aux petits angles (SAX8)Xiffusion de lumiere laser
multi-angles. La structure cristalline est en adcavec le modélab initio reconstruit par
SAXS et nous pouvions en conclure que Rezdd partage de nombreuses caractéristiques
structurelles avec les protéines homologues apparte la famille SMC.

La structure cristalline du domaine Réwd représentait les premieres données

structurelles connues a haute résolution pour unieipe RecN.
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4.1. Purification of RecNhead domain protein

The RecNieadconstruct was designed to reconstitute the complBD of RecN (see
Materials & Methods). The purification protocol BechNhead domain was established and
resulted in a homogeneous and pure protein (assesédy DLS, SEC-MALLS and SAXS).
The amount of protein obtained for 1 litre of celllture was approximately 75-100 mg.
Buffers A-2 and B-2 used for the Ni-affinity pudfition step (Figure 39) and buffer C-2 for
the SEC step are the following:

A) 50mM Tris-HCI pH 8 B) 50mM Tris-HCIpH 8 C) 50mM Tris-HCI pH 8

300mM NacCl 300mM NacCl 300mM NacCl
5mM MgChb 5mM MgCh 5mM MgCh
5mM imidazole pH 8 500mM imidazole pH 8

Affinity chromatography was performed as describedaterials & Methods. An imidazole
gradient was used for elution of the target protdine buffer composition is reported in

Materials & Methods section.
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Figure 39: Metal affinity chromatography profile tife RecNiead domain. Protein absorbance at 280 nm is
shown in blue. Protein eluted at a concentratiod ® mM imidazole, corresponding to 33% of the éuf8
gradient. The denaturing gel with the fractionsregponding to the main peak is shown. MWs are tegan
kDa. P: pellet; S: soluble fraction; FT: flow-thigiu

The SEC step (Figure 40) yielded a single peak anly the purest fractions,
corresponding to the center of the peak, were poale used for further experiments. An
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aliquot of the pooled fractions was used for DL®t@&izer Nano, Malvern) measurements
and was found to have a pdl of 0.21. The hydrodyoaadius () was estimated to be
approximately 3.3 nm (Pellegrino et al, 2012b) regponding to a MW of 55 (assuming the

protein is perfectly globular).
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Figure 40: SEC profile of Redi¢ad domain. SEC was performed using a Superdex 200nuol(GE
Healthcare). Protein absorbance at 280 nm is regant blue, while nucleotide absorbance at 254 sun red.
The presence of a little shoulder before the efutiolume corresponding to the main, symmetric, peak be
due to the presence of some contaminants, apdsisible to see from the SDS-PAGE gel (indicatedrogws).

MWs are reported in kDa. Inj: injection.

4.2. Rechead domain is a monomer in solution

SEC-MALLS experiments were performed on Reebiddomain (Figure 41), in order
to evaluate the oligomeric state of the proteine hinethod is described in the Materials &
Methods section. The elution volume from SEC intidathat RecReadmay form a higher
MW assembly (approximately 90 kDa when comparin i standard curve), but the SEC-
MALLS analysis clearly showed that the Réediddomain is a monomer in solution (Figure
41).
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Figure 41: SEC-MALLS profile of Rediead The averaged MW suggested that this chimeric toaeisis a
monomer in solution. The refractive index has bgletted and the resulting single symmetric peakagether

with the stability of the calculated MW, index obrhogeneity of the sample. Thin line: refractive érd

recorded; thick line: averaged MW estimation froiffetlent scattering angles.

4.3. SAXS analysis of Redead domain
SAXS measurements on the wild-type Reeblddomain were performed as described

in Materials & Methods section and allowed to busidab initio model (Pellegrino et al,
2012b). Measurements were performed at three diffezoncentrations, 3.43, 2.34 and 1.12
mg ml*, to exclude any inter-particle effect (Figure 42jocessing of the data was performed
as described in Materials & Methods section. GNOBswsed for estimation of theykx
and the pair distribution function (i) (Figure 42). The output file was then submittedhe
model building program DAMMIN. Prior to determinirige structure of Redidaddomain,
Rad50 ATP-free ATPase domain (PDB code:1118) wasduess template for superimposition
with the @ initio envelope. The overlay suggested that Rexd probably adopts a similar
overall fold. MW estimation was calculated from #wattering at zero angle)kand resulted
to be ~34 kDa. The discrepancy with the theorefiddl of monomeric RecNead (43 kDa)
was too high, therefore a calculation with AUTOPQOR@Petoukhov et al, 2007) was
performed to have a better estimation of the valllee expected MW at the end of the

calculation resulted to be ~46.5 kDa, more in age® with the theoretical value of the

monomer.
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Figure 42: Superposition of the X-ray scatteringves (left) collected for Rediaddomain at three different
protein concentrations: 3.43 (red), 2.34 (blue) &rk® mg mf (black). The pair distribution function (Y is
shown on the right, with ayRx value of 10.2 nm. Data were collected on ID14-thatESRF (Grenoble).

Ab initio modelling was performed using DAMMIN (Svergun, 299The overall
envelope was produced after averaging and filtevinpe multiple models created, as shown

in paper | (Pellegrino et al, 2012b).

4.4. Crystallization of the head domain of RecN

RecNheadwas used for crystallization experiments. Inifateening of a broad range of
conditions was carried out with the crystallizatiofot at the HTX laboratory (Dimasi et al,
2007). Crystals were first obtained in conditionaf4the Index screen (Hampton Research)
and then manually optimized by using hanging drégies, which resulted in crystals of
suitable size and diffracting at a maximum resohudf 3 A. The final condition, which gave
the best diffraction pattern, was 100mM Tris-HCI p13 and PEG3350 25%.

Diffraction experiments of Redi¢adnative protein were performed on ID23-2 (Flot et
al, 2010). A full data set was collected and preedswvith IMOSFLM (Battye et al, 2011) and
the intensities were then scaled. Molecular Repteceg (Mol.R.) programs, notably
PHASER and MOLREP (McCoy et al, 2007; Vagin & Tegkgv, 1997), were run in order to
solve the protein structure. Different search medsere used, likePyrococcus furiosus
Rad50 (pfRad50) an@ihermotoga maritim&MC (tmSMC) head domains abeinococcus
radioduransRecF (drRecF). Poly-alanine chains of these sirastwere also used as models,

but all trials failed to give reasonable solutions.
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Figure 43: SEC profile of the Se-Met derivativeR#cNheaddomain. Protein absorbance at 280 nm is reported
in blue, while nucleotide absorbance at 254 nmmised. The elution profile of the protein is simit@ that
obtained for the native protein (~74 ml). A litdboulder containing small amount of contaminanisdscated

by a black arrow. SDS gel of the fractions elutirgm the SEC column is shown on the right, with thean
peak’s fractions indicated. MWs are reported in kD@ injection.

Since Mol.R. failed to find a good solution, SetMierivatives were produced (Figure
43) as described in the Materials & Methods sectiamce the derivative protein was purified
and crystallized, using the same protocols astierRecNiead native protein, the Single-
wavelength Anomalous Dispersion (SAD) method waslieg for calculating experimental
phases. An X-ray fluorescence scan was performedddtermine the wavelength
corresponding to the absorption peak of the anansadoatterers (Se atoms). A full redundant
anomalous data set was collected at the peak watbleand the processed data were
submitted to PheniRutoSol(Terwilliger et al, 2009) for localization of heaatom positions
and subsequent phase determination. Selenium atsitions were successfully determined
(FOM Phaser: 0.278) and then used for calculatfanm@ew set of phases which gave rise to a
new electron density map (Figure 44). PhekioBuild(Terwilliger et al, 2008) was used for
model building, while refining the nascent electensity map, resulting in a reasonable
starting model. Further cycles of manual buildingrev performed using Coot (Emsley &
Cowtan, 2004), employing a 2Fo-Fc and Fo-Fc (dififee map) electron density maps.

Refinement was performed usipbenix.refing/Afonine et al, 2010).
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Figure 44: Fourier electron density map contourtetl & with anomalous difference density (coloured inegie
contoured at 3d@ PHASER was run to calculate the heavy atom iosatnd, therefore, the anomalous map of
the Se atoms. This map has been superposed ta¢hesed for initial model building (after densitpdification
performed by RESOLVE (Terwilliger, 2003)). Se-Mefidues built as part of the initial model are shag

sticks.

4.5. Structural analysis of Recliead domain

Although the RecNeadconstruct was designed to reconstitute the comN&D of
RecN, structural analysis revealed that this canstalso included some additional regions
(Figure 45): the coiled-coiinchor motif, the beginning of the predicted coiled-coil region
and a short C-terminal helix-turn-helix (HTH) mothich is unusual for Rad50 and SMC
proteins. The coordinates of Rdudhdwere submitted to DALI server (Holm et al, 2008) f
3D structural search and the best hits were fountietSaccharomyces cerevisi&MC,
tmSMC and pfRad50. The overall structural orgamzabf the NBD of RecReadis very
similar to the head domains 8f cerevisia&sMC (PDB: 1W1W), tmSMC (PDB: 1E69.
furiosusSMC (PDB: 1XEX) and pfRad50 (PDB: 1F2T) proteinghwan RMS of 1.38A over
148 G, 1.57A over 122 ¢ 1.39A over 155 ¢ and an RMS of 1.61A over 121,C
respectively. Sequence alignment of the NBDs ofNRetth some of the above-mentioned
proteins is shown in Figure 23. Rdaodhd also exhibited some structural differences when
compared to Rad50, notably in the architecturet®iignature sequence, responsible for

ATP recognition, suggesting that the nucleotidedinig pocket may be altered compared to
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other SMC-like proteins, such as Rad50 (Hopfnealet2000; Hopfner & Tainer, 2003;
Mockel et al, 2011; Paull et al, 2004).

The NBD of RecMeadconsists of two lobes (Figure 45-A), in which lohdormed
primarily by the N-terminal domain of RecN, adogmtstypical Rossmann fold (Rao &
Rossmann, 1973), consisting of a six-strandedparadlel B-sheet (strand8l-f2 andp4-7)
wrapping around the Walker A containinghelix 1 (Figure 45-A). Lobe | also contains the
Walker-B motif involved, as reported in the litareg (Haering et al, 2004; Hopfner et al,
2000), in the coordination of the water moleculeassary for hydrolysis of thephosphate
of ATP (Figure 18). Lobe Il consists mostly of t@eterminal region of RecN and contains
the ABC-like signature sequence, crucial for bigdkiTP. This C-terminal domain folds as a
B-a-B sandwich in which helicagl0-012 pack against a mixgdsheet 3, 8, f12415). The
N and C-terminal domains are held together by hyeinebonding interactions betwegB8
and 8 strands from the N-terminal domain apt?f14 strands located in the C-terminal
domain. The Walker-B motif is located on strgii® while helixal0 contains the signature
sequence, important for driving ATP-dependent NBihetization (Altenberg, 2003). A
structural alignment of the NBDs of RecN and ot8&C or SMC-like proteins (Figure 23)
revealed that these domains only share a low dveegluence conservation (14% identity
between RecN and pfRad50), but the residues redgen®r ATP-binding (K67 in the
Walker-A motif) and hydrolysis (D471 and E472 inetiWalker-B motif) are strictly
conserved and are located at similar positions. Sigmature sequence is also highly
conserved, but unlike the Walker-A and B motifsppis a very different orientation, as a
result of the rotation of the coiled-coil anchor tihaelative to the NBD. This overall
architecture gives rise to half of the functionalcieotide-binding pocket (Hopfner et al,
2000) (Figure 45-B and C).

The anchor motif is primarily composed of a threewsded anti-paralleb-sheet 9-
B11), helixa4 and two flexible linkers connectirfi to a4, through a short helical turn3),
andpll toall. Comparison with pfRad50 head domain (Figur&Xfeveals that the region
connectinge2 to a4 includingB8, which is substituted by a short helix in RadB@fner et
al, 2000), is poorly conserved. As a result theremoiled-coil anchor motif, along with the
signature sequence of Rdudhd undergo a ~60° rotation relative to their positio pfRad50
(Figure 45-C). The anchor domain in Réwdd is also longer than in pfRad50, being
respectively 38 and 31 A. Helid plays an essential role in guiding the positignif the

helices belonging to the coiled-coil regiarb(andal10) so as to be roughly orthogonal to the

77



NBD (Figure 45-A). Hydrogen bonding between Y175hatix o5 and the backbone of A419
situated in th@-sandwich of the anchor motif contributes to siabithis conformation.
RecNheadalso has an extra HTH-like motif at its C-termir{u$4 andoal5), which is
present in all RecN proteins (Figure 45-A), bugmgirely missing in Rad50 and partially so in
SMC proteins, where onkyl4 is present in the case of yeast SMC (Haerirad, 2004). The
function of this structural motif is unknown. Ce#igpressing a C-terminally truncated form
of RecN (missing residues 518-564, which inclué4-15 in addition toal4-15) were
reported to exhibit an increased sensitivity t@dration and DNA-damaging agents like
mitomycin C (Funayama et al, 1999). In view of #teicture of RecNead removal of these
residues would most likely disrupt the hydrogending network betweef2 andp14 strands
and destabilize thg-sheet, yielding an inactive and unfolded RecN girotTrials to express

such a protein only yielded insoluble protein (F&g82), strengthening this hypothesis.
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\ Coiled-coil
Coiled-coil

" anchor

Figure 45: RecReaddomain crystal structuréd) RecNheaddomain crystal structure adopts a Rossman fold,
typical for nucleotide binding proteins, and shasgactural similarity with the SMC and SMC-likegteins. B)
Superposition of ReciNeaddomain (colored as shown in A) with pfRad50 heathdin (grey) also referred to
as the ATPase domain. An HTH at the C-terminusaexfNRead which is not conserved in pfRad50, represented
a unique feature. C) Different orientation of thecR-Rad50 overlay, with the coiled-coil anchor ht red)
and the signature sequence (in blue) of Rexidomain rotated ~60 degrees to respect to theiesponding

in Rad50. The different orientation of the signataequence, crucial for ATP-binding, might refldiéferences

in nucleotide binding mechanism between these wmodiogous proteins.

The sequence alignment shown in Figure 46 compaRechead domain sequence
with the head domains of SMC and Rad50 proteirghlighted the high level of sequence
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conservation within the ATP binding/hydrolysis nfieti With the crystal structure of
RecNhead protein now available, a more detailed structweduence alignment could be
performed in order to compare the structures ofNReadand Rad50 (Hopfner et al, 2000).
Walker-motifs and signature sequence are highlyseomed (represented in black squares)
and the secondary structure elements show a high ¢é similarity. Helixal containing the
Walker-A motif is longer than the one carrying g@me conserved motif in Rad50, but it is
not fully understood if this difference could affeébe functional activity of RecN. A few
differences were observed, suchp8sandpl1 elements of Rediad(Figure 46) which are

not present in pfRad50.
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Figure 46: Sequence alignment of Réeldd domain for comparison of structural features tanbtmgous
proteins. The three conserved motifs, Walker-Anatgre sequence and Walker-B respectively (indicéte
closed black boxes), are highly conserved amongdifierent head domains used for alignment. Secgnda

structure elements of Rebladand pfRad50 head domain are presented for conoparis

RecN and consequently Reedadhave an N-terminal extension and an HTH motif at
its C-terminus (Figures 45 and 46), which are metsent in other bacterial RecN proteins
(Figure 22). The flexibility of the N-terminal ind®n was confirmed in the Retidadcrystal

structure since there was no clear electron defwitihe first 31 amino acids. The role of this
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extension is not understood yet. The presenceRybhne-rich region suggests that it might

be involved in protein-protein interactions (Witiigon, 1994).

4.6. Crystal structure vs.ab initio model of RecNhead

An ab initio model of Receaddomain was built using DAMMIN (Svergun, 1999)
and was presented in paper | (Pellegrino et al2BD115 models were obtained and then the
electron density averaged and filtered in orderetmnstruct a more consistent envelope. A
picture of the superposition of the refined crystlictures with the overall shape resulting
from the ab initio calculation is shown (Figure 47) and indicatedt tthee overall shape

adopted by Recheaddomain in solution is consistent to that seemedrystal structure.

90°

Figure 47: Overlay of the crystal structure of Reeld with the averageab initio envelope obtained from
SAXS data. Superposition was performed using SUPB@MKozin & Svergun, 2001).

4.7. Nucleotide Binding Domain in detail

Structural analysis of Red¢addomain highlights the presence of conserved residu
in both the Walker motifs. These residues, notéddly in the Walker-A and D471 and E472
in the Walker-B motif, are essential for ATP-bingiMc’* coordination and ATP hydrolysis
respectively by mediating cleavageyebrthophosphate by a water molecule. Together with
the signature sequence located on the same heaalrdorolecule they give rise to half of the
ATP binding pockets. Structural comparison of Reeddwith pfRad50 head domain has
shown a different positioning of the signature seme: it is situated only 6.8A away from
Walker-B motif, while in Rad50 the same distanaeréases up to 13.6A, indicating a bigger
spatial separation between the two binding pocketthe ABC protein, UvrA2 (PDB code:
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2VF8), the functional and conserved motifs are gudacloser, as seen in the case of Rexd
crystal structure (as discussed in paper Il (Bel® et al, 2012 submitted) and also shown in
Figure 48).

SFR-732 _ SER-447
> : =

N
' GLU-4730@"

f“
\
P =«

V‘ l 4 /—/"
Figure 48: Representation of half of the functiohBD pocket. In the picture Ret¢ldad domain (grey) is
superimposed to ADP-bound UvrA2 NBD2 (sand) (Timsnigt al, 2009). The position of the three most

conserved residues (Lys at the Walker-A, Ser irstgeature sequence and Glu in the Walker-B migtifiighly

conserved. ADP (crystallized together with drUvigdtein) is shown for clarity and represented akst

As discussed in the introduction (8 1.5.5) ATP Hmeeen shown to induce major
conformational re-arrangements of the NBD, leadmdead—head engagement (Hopfner et
al, 2000; Mockel et al, 2011; Paull et al, 2004nN\d nucleotides (ATP, ADP and the non-
hydrolysable form AMP-PCP) were supplemented talwbe RecN and Rediadproteins
prior to carrying out biophysical measurements: SB3@ SAXS studies for RecN and SEC-
MALLS (Figure 41) and SAXS experiments for Rdwd domain. Unfortunately, no
obvious changes were observed and, therefore, diticaghl information was gained using
these techniques. Co-crystallization experimenitsguRecNieaddomain and the mentioned
nucleotides gave rise to nice crystals with diffénmorphology after 8-10 days in conditions
very similar to those in which the Relsdad domain crystallized. However, these crystals
diffracted only very poorly, as it will be discusskater (chapter 5).

4.8. Summary of the results on Rechiad domain
RecNead domain was purified to homogeneity and successfutystallized.
Biophysical and diffraction analysis resulted ie ttiefinition of a low, obtained by SAXS,

and a relatively high (3 A) resolution model, obtad by X-ray diffraction experiments.
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Analysis of theab initio envelope showed that Relabad domain might adopt a similar
structural organization to Rad50 protein (Pellegen al, 2012b).

Structural analysis of Redfdad crystal structure, in addition, confirmed that Rec
shares an analogous fold to SMC and Rad50 protesnalso predicted by secondary structure
prediction’s tools. The crystal structure contairteé well-characterized NBD, typical of
ABC and ABC-like proteins, but also a portion o thascent coiled-coil domain and an extra
HTH motif at the C-terminus. The ATP-binding pocketcontained in the NBD and the
functional residues of the Walker-A and Walker-Btifsoare positioned similarly to those in
the ABC proteins pfRad50 and drUvrA2 (Figure 48).

The crystal structure of Retiad also highlighted several differences within the
nucleotide binding pocket which may affect ATP-bimgl and hydrolysis. The signature
sequence, particularly, was shown to adopt a diffeposition, closer to the Walker motifs
than in Rad50 and SMC proteins. This is probablg thdifferences in the mechanism of
recognition and binding of the nucleotide to acchshpthe hydrolytic function.

RecNhead was the first crystal structure obtained for baateRecN proteins and
therefore could represent the starting point fa timderstanding of the DSB recognition

pathway.
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Chapter 5:
ATP-binding properties of RecNhead domain
and their structural and biochemical

Implications

85



Summary of chapter 5

RecN contains a NBD and is therefore expectedrtd And hydrolyze nucleotides, such
as ATP. Co-crystallization experiments using défar nucleotides (ATP/ADP/AMP-PNP)
were performed in order to obtain the crystal stmee of Rechieaddomain in complex with
its cofactor, but the crystals obtained diffractedly very poorly.

Dissection of the ATP-binding mechanism was uradem through the mutation of key
residues potentially involved in this process. Auble mutant with mutations in both the
Walker-motifs was of particular interest sinceatrhed a stable dimer (as assessed by Multi-
Angle Laser Light Scattering and Small Angle X-@gattering studies). The scattering curve
allowed to build a model illustrating how two Remdaddomains interact upon ATP-binding,

providing the first low resolution model of dimefRecNhead

Résumé du chapitre 5

RecN contient un domaine de fixation de nucléotagmelé NBD, et par conséquent, il
devrait lier et hydrolyser les nucléotides, tel 4§88 P. Des expériences de co-cristallisation
utilisant différents nucléotides (ATP / ADP / AMMNP) ont été réalisées afin d'obtenir la
structure cristalline du domaine Reodhden complexe avec son cofacteur, mais les cristaux
obtenus ne diffractaient que faiblement.

La dissection du mécanisme de liaison de I'ATRéaeétreprise par la mutation des
résidus clés potentiellement impliqués dans ce gases. Un double mutant avec des
mutations dans les deux motifs Walker était toutipalierement intéressant car il formait un
dimére stable (évalué par diffusion aux petits esgtt diffusion de lumiére laser multi-
angles. La courbe de diffusion obtenu par SAXS ftedm construire un modéle illustrant la
maniére dont les deux domaines Rbeebdinteragissent lors de la fixation de I'ATP, offrant

le premier modele basse résolution d’un dimére ele\Read
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5.1. Co-crystallization trials of RecNhead domain with nucleotides

ATP is known to induce a major conformational rexagement of the NBD, leading to
head-head engagement (Hopfner et al, 2000; Moc¢kd) 8011; Paull et al, 2004). Reledad
was analysed by SEC, SEC-MALLS and SAXS in thegmes of a large excess of different
nucleotides (ATP/ADP/AMP-PCP) but no significantaolyes were observed. The crystal
structure of RecNead domain does not contain a bound nucleotide. Cstalyzation
experiments were therefore performed using ReeNdprotein at 9.6 mg rifland nucleotides
(ATP, ADP or AMP-PCP) at a final concentration @fild. Crystals of different morphology
(Figure 49) appeared after 8-10 days in conditmm#aining 100mM Tris-HCI pH 8-8.5 and
22.5-27.5% PEG 6000. Crystals were tested at Roempg€rature (RT) on ID14-1 at the
ESRF (Wakatsuki et al, 1998) using the humiditytomirdevice (HC1) developed jointly by
ESRF and EMBL (Russi et al, 2011). The crystalsxgtbvery poor diffraction. With the use
of the humidifier control device it was not possild improve the resolution limit beyond the
6.8 A (Table 6) obtained at 99.5 % of humidity. $@erystals belonged to space group |
with cell parameters a,b = 128.4 A, ¢ = 314.3 A fdsnately it was not possible to
extrapolate any useful structural information, sitice experiment was carried out at RT and

the crystals suffered from severe radiation dansgady after just a few images.

Humidity (%) | Space group | Resolution (A) | Cell parameters (A, °)

99.5 14 6.8 a,b=128.4, c=314.3

98.5 Cc2 7.5 a=182.6, b=181.2, c=182.33=120.6
97.5 Failed 8.3

96.5 Cc2 8 a=184.9, b=306.5, c=191.23=85.2
95.5 Cc2 10 a=309.4, b=179.7, c=181.93=89.0
94.5 20

87.5 >20

Table 6: Summary of the integration of the two iemgollected for the crystal tested at differeniidity

conditions. Experiments were performed on ID14-3RE) at RT using the humidifier device HC1.
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Diffraction pattern at 99.5% humidity Diffraction patterh38.5% humidity

Diffraction pattern at 87.5% humydit Picture of crystals ofdRhead domain

co-crystallized with nucleotide

Figure 49: Images collected at different humidibpcentrations (the values are indicated). Ciratelécating the
resolution limit are also shown for clarity. B) Gtsls of RecNead domain in presence of nucleotides.
Morphology of the crystals is completely differérdm what was seen for the Reledadapo-protein (Pellegrino
et al, 2012c).

5.2. Mutations of the conserved functional residues

Characterization of the ATP-binding site was oftigatar interest for the understanding
of the role of ATP hydrolysis in the putative DNAdjoining activity of RecN (Reyes et al,
2010). Single and double amino acids substitutiwese introduced into the Walker A and B
motifs: K67A, E472Q, E472A, K67TA/IE4A72Q, K67A/E472Md D471A. The mutant proteins

were successfully expressed and purified as destiibMaterials & Methods.
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5.3. Purification and preliminary analysis of RecNhead<®"~/E472Q

The double mutant, Re¢iad®"~E4"22 in which the Walker A lysine was mutated to
alanine and the Walker B glutamate was mutatedutammine was purified to homogeneity.
The first affinity chromatography step produced wgédn amount of protein (~200 mg of
protein from 1 liter of cell culture). SubsequendySEC column was run to further purify the
protein. The mutant protein eluted as a single péak its elution volume (12.5 ml) was
considerably smaller than the Rédedddomain (14.1 ml). Interestingly, during the SE€pst
the main protein peak exhibited an unusually hi§A4 2280nm absorption ratio, indicating
that a molecule absorbing at 254 nm may be bounBexhhead®’ V54722 The ratio was
maintained even after performing an ion exchangerohtography prior to injection on the
SEC column, confirming that the species presetighgly bound to RecNead®"5472Q we
speculate that it may be an ADP or ATP moleculet tauld have co-purified with
Rechhead®~F42Q pellegrino et al, 2012 submitted). The protocatdigor purification of
Rechhead®”®42Q jnvolved the same two-steps procedure used forNRead domain.
Affinity chromatography (Figure 50), followed bydtough dialysis and the inclusion of a
SEC as final step (Figure 51), yielded a highlyepprotein suitable for biophysical analysis
like SEC-MALLS (Figure 52) and SAXS.
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Figure 50: Affinity chromatography profile of RebBad®™E4722 Protein absorbance at 280 nm is shown in
blue. The protein eluted at 35 % of buffer B-2,responding to approximately 170mM imidazole. SDSSEA
gel with the main peak fractions is presented anright. MWs are reported in kDa. P: pellet; S:ubte
fraction; FT: flow-through.
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Buffer C-2, as for Rechkead represented the optimal buffer for elution andveéd also to

compare the behavior of this mutant with the wyldet protein.

main peak
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Figure 51: SEC chromatography profile of Réeldd®’~5472% The ratio between the absorbance at 280 nm
(blue), corresponding to protein, and at 254nm)(redrresponding to nucleotide absorption, is apipnately 1.
This result suggests the presence of tightly bauntleotide to the protein (Pellegrino et al, 20LBraitted).
SDS-PAGE gel with the main peak fractions is presgtion the right. MWs are reported in kDa.

5.4. SEC-MALLS confirmed the dimeric state of RecKead ®""/E472Q

Comparison of the SEC-MALLS profiles of Relodad and Rechead®A/E472Q
constructs demonstrated that the mutant is dodtgesize of the native protein, suggesting
that the specific mutations induced a structuratremmgement that favored a dimeric assembly
(Figure 52).
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: RecNhead domain
Blue: RecNhead oA E472Q

1.0x10% Estimated MW:
~83 kDa

Estimated MW:
~39 kDa

molar mass (g/mol)

4. = o === - v e —|
1.0:10 10.0 12.0 14.0 16.0 18.0 20.(

volume (mL)

Figure 52:SEGMALLS profiles of Rechheaddomain and Rechead®’~5472Q Comparison of the two curves
evidenced that the double mutant is a stable dimsplution. Experiments were conducted in the saoféer
conditions: 50mM Tris-HCI pH 8, 300 mM NaCl and 34nMgCl,. Thin line: refractive index recorded; thick
line: averaged MW estimation from different scattgrangles.

5.5. SAXS studies of Redhead ®"AF472Q

SAXS experiments were performed on ID14-3 at tB&E and scattering curves were
collected on Rechead®”F4"2Q (Figure 53). SAXS data could provide us with more
information regarding the overall envelope adoptgdRecMeaddomain when nucleotide
enters and binds to the ATP-binding site.
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Figure 53: SAXS measurements were performed on Rea’”“5*"?? protein. Three different concentrations
(35, 1.7 and 0.8 mg M were measured in order to check for any intetigler effect. The curves
corresponding to the lowest (red) and highest @)lacotein concentrations were merged and usedl§anitio

model reconstruction by using GASBOR (Svergun g2@01b).

The scattering curves (Figure 53) obtained fronedhdifferent protein concentrations
(3.5, 1.7 and 0.8 mg M) were used to successfully reconstructahrinitio envelope (Figure
54). The Guinier approximation estimated the raditigyration (R) to be 3.45 nm and the
molecular weight (~70 kDa) derived from the scattgmat zero angle ) was in agreement
with the size of a dimer. Taking advantage of th@lable knowledge regarding ATP-binding
sites (Hopfner & Tainer, 2003) and our overall dage, we manually built a model of the
putative Reclead dimer using our recently obtained crystal struetiFigure 45). The
calculated theoretical scattering curve derivednfrthis model was superimposed on the
experimental SAXS curve. The excellent fit withyavalue of 1.56 over the entire curve
indicates that this model describes very well te@avior of the protein in solution (Figure
55).
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Figure 54: SAXS envelope (on the left) and modeltlusing the ReciNeaddomain crystal structure (on the
right) are shown. All pictures are shown 90 degragart in order to view the orientation of the edicoil
helices, which point out in the same direction. Emeelope is the averaged results of several rliad anitio
modeling using DAMMIN (Svergun, 1999). In the modalilt form the RecKead crystal structure one
monomer is colored accordingly to the colors usedhapter 4, while the other monomer is coloredrigy for

clarity.

In the model proposed in Figure 54, the coiled-domains are located on either side
of the two Reclead monomers (MolA and MolB), that come together irhead-to-tail
orientation to form two functional ATP-binding pask as observed previously for
dimerization of NBDs (Hopfner et al, 2000; Lammensl, 2004). Each Re¢idadmonomer
contains all the conserved motifs necessary forfah@ation of the functional ATP binding
pocket. As in Rad50 and other ABC proteins, the Rétamotifs of one Rechead®™AE472Q
molecule and the signature sequence of a secoretoielcome together to form a functional
nucleotide binding pocket (Hopfner et al, 2000; ffims et al, 2009). In the crystal structure
of RecNhead the signature sequence is located only 9 A awem fthe Walker-B motif,
while this distance increases up to ~20A for SM&ad50 head domains, suggesting that the
two ATP binding pockets at the NBD dimerizatioreiriace would be much closer together in
the case of RecN. The arrangement of the WalkeBAand signature sequence motifs in
RecN are more similar to that found in the C-temhiNBD2 of UvrA2 (RMSD: 1.54 A over
116 G) in its ADP-bound form (Figure 47).
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Figure 55: Overlay of the experimental SAXS curve fed), created by merging highest and lowest
concentrations scattering curves, with the thecaétiurve (in blue) calculated from the manuallyittmodel of

Rechhead®™5472Q The dimeric model of RedMaddouble mutant approaches very well the behavidhisf

construct in solution. Goodness-of-fif) is reported.

The ab initio envelope resulting from this SAXS study was usedaatemplate for
superposition with the built model, proposed in &alpl (Pellegrino et al, 2012 submitted).
The coiled-coilu-helices are pointing out at the same directioggssting a model similar to
what has been proposed for Rad50 while interactiitiy Mrell (Mockel et al, 2011). The
finding that RecN head-head engagement shares haruh conserved features with Rad50,

suggests that the molecular mechanisms underly®ig i2cognition might also be conserved.

5.6. Crystallization trials on Rechhead domain mutants

To clarify the contribution of the signature motéarrangement on the nucleotide
binding properties of RecN (Pellegrino et al, 2GLbmitted), atomic resolution data was
desirable. Crystallization trials on Reledad®"~E472Q were carried out in parallel to the
SAXS study. Crystals were obtained from the crjigition robot screening (Figure 56).
Initial conditions were n° 20 of the PEG/lon Scresmntaining 0.2 M,magnesium formate pH
5.9 and 20 %w/v PEG 3350. Crystals appeared algbeincondition n® 22 of the Crystal
Screen |, containing 0.2 M sodium acetate trihygr@tl M Tris-HCI pH 8.5 and 30 %w/v
PEG 4000 (Hampton Research). Despite the factdtystals were obtained and were also

reproducible, diffraction spots were not visibletba processed image.
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Instead, spectroscopy was used to compare thgstlsrto those of the native protein

(paragraph 5.7).

-

Figure 56: Crystals of Redi¢ad®~5*"2Qwere obtained after initial screening using thestallization robot at
the EMBL-Grenoble (Dimasi et al, 2007). The coratig at which these appeared were n° 20 of the BRG/I
Screen (left) and n° 36 of the Crystal Screendhf)i (Hampton Research). Crystals were tested 28 Iand
ID29 (ESRF) but diffraction was very poor.

Crystallization trials were also set up for the Rbead**? mutant and crystals
diffracting to 3.5 A were obtained (Figure 57). Tiepose of this experiment was to improve
our understanding, at an atomic level, of the meisma by which ATP is hydrolyzed and, in
addition, to understand why the activity of thistemt is so much higher than that of the wild-
type protein (chapter 8). Crystals belonged to sggroup P2,2; with cell parameters a =
63.7 A, b = 121.8 A, ¢ = 161.7 A. An almost completata set was collected (~87 %
completeness) because the crystal suffered fronatra damage. Mol.R. was performed
using PHASER(McCoy et al, 2007) and a reasonable solution fsasd with a likelihood
gain (LLG) of 1508. Analysis of the resulting elect density map at the ATP-binding pocket
site revealed no difference in the orientation le# ¥Walker-A and —B conserved residues,
notably K67 and E472. As with the wild-type protethese crystals were obtained in the
absence of nucleotide and most likely, further rmfation would be gained by co-
crystallizing the mutant protein with ATP or AMP-PNnhon-hydrolyzable form).
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Figure 57: Crystal of Redidad*’?? construct. On the left: crystals obtained in dropig the crystallization
robot at the HTX laboratory (EMBL-Grenoble) andgroin condition n® 21 of the PEG-lon screen (Hampto

Research These crystals diffracted to 3.5A on ID29 at E®RF. On the right: crystal obtained after 3 weeks
equilibration. The condition in which this crystappeared was the n® 29 of the Index Screen (Hampton

Research

5.7. Spectroscopic measurements in crystallo

Steady-state fluorescence emission spectra wergdaut on ID29-S at the Cryo-
Bench at the ESRF (Royant et al, 2007). Spectra wemorded on crystals of Reledadand
RecNhead®VE42Q domains. Since X-ray diffraction data were not ilatde for
Rechhead®E472Q the aim of these measurements was to furtheractaize the
unidentified, bound ligand. Spectra were recordeceach of the two crystals over the full
UV-visible wavelength range and then compared.

At wavelengths approaching those where protei® (28) and nucleotides (254 nm)
absorb, the spectra of the two crystals preseghtyfi different features (Figure 58). This
result confirmed, first of all, that the crystalssted were indeed protein crystals of
Rechhead®”VE42Q However, unfortunately these spectra were ndtcserfit to allow us to
discriminate between ADP and ATP, given the simitteemical properties of the two

nucleotides.
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Figure 58: Comparison of spectra taken from crgstélwild-type RecMeaddomain (in black) and crystals of
Rechhead®”5472Q (in red), in which a nucleotide is suggested tdarapped from the early purification steps.
Data were recorded at the Cryo-Bench at ID29 (ESRF)

5.8. Summary of the structural changes of Rediad induced by ATP

A double mutant of Redheaddomain, namely Rediead®472Q provided us with a
model of the possible dimeric organization thatusscupon ATP-binding. Arab initio
envelope reconstructed from SAXS data allowed tbhndethe probable nucleotide-bound
form of RecNiead In this model the coiled-coil domains are oriente a similar way and
point out in the same direction from the globulagion. The dimeric assembly proposed in
this work and built considering the position of tenserved functional residues fitted very
well with the experimental scattering curve (Figgi). However, the low-resolution nature
of SAXS did not allow us to determine if local corrhational re-arrangements took place in
the ATP-binding pocket of Rediad in preparation to receive ATP. Crystals of
Rechhead®”F42Q \vere obtained but unfortunately no diffraction wadsible. A
comparative spectroscopic study provided a spectruthe UV-Vis range, which at least
excluded the possibility that we were working waihlt crystals. Comparison with wild-type
RecNheadcrystals highlighted a difference in the specéspecially in the region between
250-300 nm (Figure 58).

More efforts need to be made to improve the quadit the Rechead®V/E472Q

crystals in order to better understand the ATP-bigdand hydrolysis mechanisms.
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Biochemical experiments could also provide newghts into the effects of single amino acid

substitutions on the ATP release.
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Chapter 6:
Structural investigation of the coiled-coail

domain of RecN
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Summary of chapter 6

RecN also possesses a central coiled-coil dormgarconnecting the N- and C-termini.
In RecN, this domain is particularly short compatedhe other members of the SMC family,
such as SMCs, Rad50 or MukB. We successfully espoesand purified two different
constructs corresponding to residues 240-387 arid369 (RecNc). Both of them were
characterized by Multi-Angle Laser Light Scattetringthich highlighted the different
oligomerization state of these two constructs. Wilile former was a monomer in solution,
the latter adopted a dimeric state in solutions@sn also by Small-Angle X-ray Scattering
analysis) suggesting that this region could beaesible for RecN dimerization. Recblwas
also successfully crystallized and the structurlvesb by Single-wavelength Anomalous
Dispersion (using Se-Met derivatives) at a maximwsolution of 2 A. The dimerization
interface is formed through a network of van derl8iateractions.

A deletion mutant (Rechtd), lacking this dimerization interface, was alspmssed,
purified and characterized by SEC-MALLS, SAXS aneray diffraction. In the crystal

structure (resolution 4 A) Readdis a monomer, confirming our previous observations.

Résumé du chapitre 6

RecN est également constitué d’'un domaine cefidrahant un faisceau d’hélices
(coiled-coil), connectant les régions N- et C-teratés. Pour RecN ce domaine est
particulierement court par rapport a ceux des autnembres de la famille SMC, tels que
SMC, Rad50 ou MukB. Nous avons réussi a exprimempwifier deux constructions
différentes, correspondant aux résidus 240-38796t365 (Rechc). Toutes deux ont été
caractérisées par la diffusion de lumiére lasetiranlgles (MALLS), qui met en évidence des
états d'oligomérisation différents pour les deuwtgines. Alors que le premier est un
monomeére en solution, le deuxieme adopte un étatrifjue en solution (confirmé par
'analyse de diffusion aux petits angles, SAXS)gg&rant que cette région pourrait étre
responsable de la dimérisation de RecN. Readégalement été cristallisée et sa structure
résolue par dispersion anomale a une longueur d'ded utilisant une protéine séléniée) a
une résolution maximale de 2 A. L'interface de diss#ion est formée par un réseau

d'interactions Van der Walls.
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Un mutant de délétion (Reefdd), manquant cette interface de dimérisation, a
€galement été exprimé, purifié et caractérisé patMb, SAXS et diffraction aux rayons X.
Dans la structure cristalline (résolution 4 A), Redd est un monomeére, confirmant ainsi nos

précédentes observations.
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6.1. Expression and purification of coiled-coil domain 6 RecN

Different constructs (Table 5) were designed har ¢oiled-coil domain but most of our
attention focused on the one including residues 9865 (RecMc). Another construct,
corresponding to residues 240-387 of RecN, was alsmressfully expressed and was
characterized by SEC-MALLS studies (8 6.3).

The DNA codifying for Reclc protein was amplified by PCR, cloned in pET151-
TOPO vector and transformed info coli cells BL21* as for the other constructs. RecN
was subsequently purified according to the protodesicribed in Materials & Methods section
and in (Pellegrino et al, 2012a). A two-step puadtion (Figures 59 and 60) was performed
using the same buffer solutions as for Rleeddprotein purification and yielded pure protein,
suitable for further structural (X-ray crystallogtey and SAXS) and biophysical analysis by
DLS and SEC-MALLS (Figure 60).
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Figure 59: Affinity chromatography profile of Recbl Protein absorbance at 280 nm is shown in blue.ri&in
peak eluted at 32 % of buffer B-2, which correspotal approximately 165 mM imidazole. [ lQof fractions
corresponding to the main peak were loaded ont6% $DS-PAGE gel in order to check the purity of the
fractions. The gel with the main peak fractionpiissented on the right. MWs are reported in kDgefet; S:

soluble fraction; FT: flow-through.

SEC was performed using buffer C-2 (Materials &thels) and the Reald eluted as a
single peak from the Superdex 200 column, which used for comparison with the other
constructs used in this work. Protein purity wasntithecked by SDS-PAGE: there are two
bands of lower MW (Figure 60) under the band cqoesling to Reclic. This could be due

to minor degradation of the construct target.

102



400
1

N\

97

main peak
iﬁg',.i"'— A=
= r
66 W=
-
~
\

45

300
1

31

200
1

21

Absorbance (mAU)

RS

P - - -
14

100
|

6.5

o 4

T T T T T T T 1 T T T T 1T T 1 T
0 5 10 20 30 40 50 60 70 80 920

Volume (ml)

Figure 60: SEC of Reaf¢. The protein eluted as a single peak, with a stadlbefore the main symmetrical
peak. Protein absorbance at 280 nm is reportetu@ tvhile nucleotide absorbance at 254 nm is éh Aesmall
amount of degradation is visible (red arrows). Pphetein fractions were checked by DLS and the ani¢s a
low pdI(0.18) were pooled for further analysis. SBAGE gel with the main peak fractions is presemedhe
right. MWs are reported in kDa.

6.2. SEC-MALLS measurements on Read¢ domain

SEC-MALLS measurements (Figure 61) were perfornoed purified RecMc and
resulted in an averaged molecular mass of ~32 wb&h clearly corresponded to a dimeric
state of the coiled-coil domain (theoretical MWtbé monomer is 18 kDa as calculated by
ProtParam). This finding was the first clear indima of the possible location of the
dimerization interface in RecN, as also suggested previously published paper (Graumann
& Knust, 2009). The RecN dimerization process &¢fore most likely achieved through the
coiled-coil region. Information is available foretrdimerization interfaces of homologous
proteins, such as Rad50, SMC and MukB, but thereoisa common architecture for these.

The question was now, how does the dimerizationgs® take place in RecN?
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Figure 61: SEC-MALLS measurements performed on Reckor determination of the absolute MW.
Experiments displayed that ReodNis a stable dimer in solution, supporting whasuggested in the literature
(Graumann & Knust, 2009). Thin line: refractive éxdrecorded; thick line: averaged MW estimationnfro
different scattering angles. The averaged MW isrtepol.

6.3. Investigation of the overall shape of Read by SAXS

SAXS measurements on RemiNwere performed on ID14-3 at the ESRF, using the
experimental set-up described in (Pellegrino et 2012a). Three different protein
concentrations were measured and inter-partickctsffwere not detectable when comparing
the three scattering curves (Figure 62). Data wéen truncated forab initio model
reconstruction, since there were different featamgsearing af values higher than 3°A The
intensity at zero anglegflallowed the estimation of the MW of RectJ which resulted to be
~37 kDa, corresponding to the size of a dimer. APOROD (Petoukhov et al, 2007) was
also run for estimation of thBorod volume and the MW, a method that is, unlike the |
independent of concentration measurements and aissociated errors. The expected MW
calculated by Porod volume resulted to be ~40 kifaich is in agreement with the value
calculated byd

104



0.08

[ (relative unit)
0.04
Il

log(l) Relative unit
1
1

0.02
I

0.00

i ||||
¥ “ Dmax (nm)

Figure 62: Overlay of the three scattering curtef)(corresponding to three different RemmNconcentrations:
6.0 (black), 2.9 (blue) and 1.5 mg tnfred). The curves superpose very well at lpangles values. The data
was truncated aj of 3A™ for following ab initio modelling. The pair distribution function (P(r¥ $hown on the

right and the long tail is characteristic for elated macromolecules.

The resultingab initio envelope was presented in (Pellegrino et al, 2012he
characteristic profile of the P(r) was indicativietloe presence of a rather elongated molecule
in solution and the model building confirmed thighbthesis. Further details will be provided

by the crystal structure of Recbl

6.4. Crystallization of the RecNc and structure determination

RecNcc was expressed, purified and crystallized as desdrin Materials & Methods
section and in (Pellegrino et al, 2012a). ReciNas characterized in solution (SEC-MALLS
and SAXS) and by X-ray diffraction experiments. @pzation of the crystals was carried out
in hanging drop plates (Hampton Research, AlisqdVi€A) and drops were set-up mixing 1
ul of protein at either 14.82 or 7.7 mg rénd 1pl of reservoir. Manual optimization of the
initial conditions was achieved using the Addit8ereen (Hampton Research, Aliso Viejo,
CA): 1,2,3-heptantriol gave rise to better diffiant quality and final concentration of 3%
produced crystals that diffracted to 2.04 A. Toveothe crystal structure of Recdl
experimental phases were determined by the SAD adatking a Se-Met derivative crystal,
since Mol.R. failed due to the lack of prior stwretl information. Data were integrated and
processed withMOSFLM (Battye et al, 2011) and then submitted to AutokBihaw

(Panjikar et al, 2005). Heavy atoms (one Se fohedmain) were localized and a new set of
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phases calculated usiHELX (Sheldrick, 2010). An initial chain tracing was foemed
usingSHELXE.The nascent map was then run throlg¥i for density modification (Figure
63) in order to improve the quality through severgtles. Extensive model building was
performed usindARP-wARP which resulted in an almost complete model of4hmolecules
of the asymmetric unit (over 75 % of the main chags built). Several cycles of manual
model building usingCOOT (Emsley et al, 2010) and refinement usiREFMACS5
(Murshudov et al, 2011) allowed completion of tmgstal structure with good final statistics
(Pellegrino et al, 2012 submitted).

Figure 63: Detail of the Fourier electron densitgprfor RecNc contoured at 1.5 after density modification
(DM). The a-helical arrangement is clearly visible and the Kbane can be traced: 75% of the model was
initially built from ARP/WARP {Langer, 2008 #1312}.

6.4.1. The coiled-coil domain showed a new interaeoh interface

The central region of RecN proteins is predictedbe a coiled-coil and to be
involved in dimer formation (Graumann & Knust, 200%his domain is conserved in length
but shows very low sequence identity (Figure 22he Terystal structure of RecH is
composed of @-helices (named5-a10) of varying lengths (ranging from 17 to 29 ressd
long), which follow an anti-parallel arrangemenheTRecNc was found to form a stable
dimer with a clear two-fold symmetry (Figure 64herdimer interface is formed by residues
located on helicea6-a8 interacting with their equivalent residues frdme second molecule

through an extended network of van der Waals intemas. The buried interface covers an
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area of ~1400 Aand involves 34 residues altogether. The antiflsrrrangement of each
RecNcc monomer is favored by dipole and hydrogen-bondimigractions (Figure 64,
magnification): in particular the highly conservE@22 and R319 form a salt bridge that
stabilizes the packing of hela6 against helixi9. As a result, the overall structure of RecN
appears to be very rigid. Several loops locatedvéen helicesu5-06, a8-09 anda9-010
confer some degrees of freedom to the entire kaddiructure, as displayed by the analysis of
the B-factor distribution per residue (see 8 6.3 graper Il (Pellegrino et al, 2012
submitted)).

Figure 64: Reclcis a dimer. Extensive inter-molecular interactibesween helices6-07-08 contribute to the
formation of the dimerization interface. In totadl Bsidues (magnification below on the left) argpmnsible for
creating an extended hydrophobic buried area (~&f)@vhich holds together the Rectimonomers. In the
other magnification (on the right) a detail of ih&ra-molecular polar interactions is shown. Wegrsied these

interactions are involved in the process of foldifigRecNcc.

The crystal structure of the coiled-coil domaireggnts an anti-paralle-helical
arrangement (Figure 64 and 65), similar to Eheoli MukB (PDB code: 3IBP) (Li et al,
2010), with an RMS of 1.33A over 61aCThe main difference was found to be the mode of
dimerization: in MukB, like in SMC proteins, the mmmers interact through an extended
(2930 &) hinge domain mediated by dipole interactions €6ei & Hopfner, 2011; Li et al,
2010). In the case of Rad50, the dimerization edakes place through a different kind of
interface and, precisely, a Zn-hook domain (Hopfaeral, 2002). The entire process is
stimulated by the presence of a pocket, createfdunycysteines, which allows for a Zrion
to bind.
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PDB code: 3IBP

(
[

RecN coiled-coil

Figure 65: Comparison of ecMukB (Li et al, 2010) fbe top) and Read¢ domain. The structural organization
between the two proteins is very conserved argldharacterized by the presence of an anti-paaaitahgement
of the coiled-coil region. The hinge domain, whishinvolved in SMC and SMC-like proteins dimer fation
and, in a few cases, in DNA-binding, is totally sigy in RecN. The two structures are coloured inb@w in

order to distinguish the anti-parallel arrangement.

In conclusion the crystal structure of RecNevealed that the coiled-coil regions of
SMC and SMC-like proteins share an anti-paralldichk arrangement, but differ in their
mode of dimerization. Read utilizes a novel means of dimerization involving extended
hydrophobic interface that has not been previouslyorted in the literature for similar
interaction interfaces of coiled-coil domains (Gee& Hopfner, 2011; Griese et al, 2010;
Hopfner et al, 2002; Li et al, 2010).

6.4.2. Are loops in between the coiled-coil hedis involved in flexibility?

In view of the particular structural organizatiotogted by Recbk, the coiled-coil
domain appears to be a mostly rigid, rod-like gtreee In SMC proteins, however, flexibility
of this region is expected to be crucial in ordealiow the “closure” of two NBDs for the
formation of an active ATP-binding pocket. In RedN,contrast, the coiled-coil does not
allow the NBDs at either ends of the coiled-coilelngage and therefore form the typical
ABC-like pocket. Limited flexibility is neverthelgspossible and the main candidates for
coiled-coil movements are the loops connectingadtfelices, particularly those connecting
06 toa7 anda8 to a9 (Figure 66). A graph reporting the B-factors ludé two chains, A and
B, constituting the Reod¢ dimer, was created usiBAVERAGHDodson, 1991) and showed

a clear increase in thermal motion of thed® each chain in between the helices.
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Figure 66: The trend of B-factors in MolA and MolB RecNcc is represented. BAVERAGE was used to
extrapolate B-factor statistics from the PDB filehile R was used to build the graph (Gentleman &k#)
2000). The values were lower in correspondencehef decondary structure elements, while increasing i

correspondence of the loops, which are more flexiRed circles: MolA. Blue lines: MolB.

6.5. SAXS vs crystal structure of Recbt
SAXS experiments were performed on Recldnd described in paper Il (Pellegrino et

al, 2012a). Arab initio model of RecNc was built using DAMMIN (Svergun, 1999) and the
crystal structure was subsequently overlayed wiin dverall envelope of the coiled-coil

domain (Figure 67) using SUPCOMB (Petoukhov e2@Q)7).

Figure 67: Superposition of Rectldomain crystal structure with tla initio model obtained by SAXS. Model
is averaged after several runsatf initio modeling. Superposition was performed using SUPBR0(Kozin &

Svergun, 2001).
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The overlay (Figure 67) showed a close similaigween the low- and high-resolution
structures indicating that the coiled-coil domaih RecN most likely adopts the same

architecture both in solution and in crystals.

6.6. Characterization of a shorter coiled-coitonstruct

The gene codifying for a shorter coiled-coil const (residues 240-387) was amplified
by PCR and subsequently cloned into pET151-TOPQ@ovdor expression ire. coli, strain
BL21 Star cells. Purified RecN coiled-coil 240-3&struct was obtained following the two
steps purification described for Remd\(Pellegrino et al, 2012a). The Immobilized Metal io
Affinity Chromatography (IMAC) step was similar ecNcc purification, with protein
eluting at approximately 34 % of the imidazole geatl Dialysis and TEV cleavage allowed
removal of the imidazole and the 6xHis-tag from pretein and the resulting sample was
further purified by SEC. It typically eluted arour@1 ml (Figure 68), which is later than
with RecNec (73.8 ml). The elution peak also exhibited a gigant shoulder, indicating that
the sample was not apparently very homogeneoupitdeke pdl value of 0.18 suggested that

the sample was homogeneous.
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Figure 68: SEC of the shorter coiled-coil constr(rets. 240-387). The main peak is less symmetram th
RecNcc. Protein absorbance at 280 nm is reported in bllde nucleotide absorbance at 254 nm is in réw T
SDS-PAGE, however, showed that the purity of thetghn was suitable for further biophysical experitse
SDS-PAGE gel with the main peak fractions is presgtion the right. MWs are reported in kDa. Injeirtjon.

SEC-MALLS analysis of the shorter coiled-coil ctiost (240-387) indicated that it
behaved differently from Reald in solution and estimated the molecular mass td4&

110



kDa, which was more consistent with a monomer latem (Figure 69). The theoretical MW

for this construct is 15.3 kDa, as calculated bgtParam (Wilkins et al, 1999). A possible
explanation for this behavior could be that therecir anti-parallel folding of the protein is

being disrupted. In this shorter construzf and part ofu6 are missing and as a result a
number of stabilizing intramolecular interactioms particular the salt bridges between E212
and K329 and E222 and R319, are lost. The dismgifahe correct interaction pattern may
interfere with the proper anti-parallel fold andheequently lead to inappropriate formation of

the dimerization interface.
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Figure 69: SEC-MALLS measurement of the coiled-addmain of RecN, residues range 240-387. This
construct elutes as a monomer, indicating thatdihgerization interface is no longer functional. iTHine:

refractive index recorded; thick line: averaged M¥timation from different scattering angles.

6.7. Deletion of the hydrophobic interface favors anonomeric arrangement of
RecNcc

In order to characterizéhe role of this newly identified dimerization infi@gce in the
oligomerization of full-length RecN, a constructvitich the dimerization domain (residues
237-291) was deleted was designed giving rise delation mutant (Recldd) (Figure 70).
This construct was also cloned into pET151-TOP@raRCR amplification of the gene
encoding for this construct. The primers used f@RPare listed following Table 5 (see
Materials & Methods section).
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Figure 70: Schematic representation of the deletiotant of RecN. Conserved motifs and domains elered

according to the scheme proposed for the othertiearts designed as single domains of RecN.

6.7.1. Purification of RecMdd

RecN4dd was expressed and purified according to the pobtosed for RecNead
(Pellegrino et al, 2012b). The same peptide linkéamino-acid sequence
ESSKHPTSLVPRGS) used for the design of the RexMiwas used to fuse the N- and C-
terminal domains. A two-step purification (IMAC aB&C) was established in order to obtain
a pure protein sample (Figure 71 and 72) in ordgretrform SEC-MALLS (Figure 73), DLS
and SAXS experiments.
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Figure 71: Affinity chromatography profile of RegalNd. A gradient of buffer B (50mM Tris-HCI pH 8, 300mM
NaCl, 5mM MgC}) was used for protein elution from a Ni-NTA colunithe main peak was eluting at 40 % of
buffer B, corresponding to 205 mM imidazole. Protabsorbance at 280 nm is shown in blue. SDS-PASE g
with the main peak fractions is presented on thhtriMWSs are reported in kDa. P: pellet; S: soluiéetion;
FT: flow-through.

SEC step was performed on a Superdex 200 coluninH€althcare) in order to
compare the resulting elution volume with the otperified constructs. RecMid in solution
adopts an intermediate behavior in between the Reatlland the full-length RecN. The

single symmetric peak resulting from SEC elute$2ab ml, in between RecN (10.8 ml) and
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RecNhead(14 ml). DLS was performed to check the homoggraithe sample. The pdl was
found to be 0.073 indicating that the sample wasmdgeneous and suitable for further
analysis by SAXS.
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Figure 72: SEC profile of Rechd in the same buffer condition as for RéwMd domain protein. Protein
absorbance at 280 nm is reported in blue, whildemticle absorbance at 254 nm is in red. SDS-PAGRvige
the main peak fractions is presented on the righit's are reported in kDa.

6.7.2. RecMdd elutes as a monomer from a GF column
SEC-MALLS analysis (Figure 73) revealed that ttdsmstruct elutes as a monomer
in solution, confirming our finding that RecN dingtion is induced by interactions between

helicesa6-07-08 of the coiled-coil domain.
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Figure 73: SEC-MALLS analysis of ReaNd protein. The deletion mutant construct is a monomesolution
and eluted as a single peak. Thin line: refractidex recorded; thick line: averaged MW estimatfoom

different scattering angles. The MW is reporteétira.

6.7.3. Low resolution study of RecNdd by SAXS
SAXS measurements were performed on RedidN Data collected on 1D14-3

(ESRF) showed a discrepancy at low angles betwleerhighest and lowest concentration

scattering curves (Figure 74), indicating some rpaeicle effects. This also made data

analysis more complicated.
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Figure 74: SAXS measurements carried out on RecNourified protein (described earlier). Three diéfier
concentrations (6.3, 3.0 and 1.4 mg*)nivere measured to check for any inter-particleaffThe three curves
almost superpose, but the lowest (in red) conctotrashowed a different behaviour at very low asgle
(indicated by the black arrow), crucial for detemation of the protein envelope (Putnam et al, 200He

highest concentration is represented in blacknituglle in blue.

The three scattering curves (sample concentratfs 3.0 and 1.4 mg i) match
quite well, except at low values, which is very important fab initio shape determination.
An averaged model is shown in Figure 75. In additiee MW estimated by land the one

estimated by Porod volume were very different:hia first case the value was closer to the

size of a mononre while the second value indicated a dimeric as$gnas calculated by

i 90°

AUTOPOROD (Petoukhov et al, 2007).

Figure 75:Ab initio model of RecMdd resulting from envelope reconstruction using DAMMIThe views, 90°
apart, are represented. The envelope does notikeoln elongated structure, as we speculated Redlb be.
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6.7.4. Crystallization and structural analysis olRecNAdd

Crystals of RecNdd were obtained (Figure 76) by using the crystaiiararobot
(HTX laboratory, EMBL Grenoble) and a full data s¢ta maximum resolution of 4 A was
collected. The crystal used for data collection iiaked from the robot plates and flash-
frozen directly on the beamline (ID23-2) adding%%5glycerol to the reservoir solution. The
crystal structure was solved as described in pHpéPellegrino et al, 2012 submitted) by
Mol.R. using RecHeadand a modified coordinates file of Rem\containing only residues
196-238 and 306-364 as search models.

Figure 76: crystals were obtained in several caomit with the best conditions being n° 18 of tgstl Screen
Lite (left) and n° 7 of the PEG-lon Screen (HampResearch). Crystals were tested on 1D23-2 (ESRHE) a

diffracted to a maximum resolution of 4 A.

The crystal structure of Reefdd solved at 4 A resolution provided valuable
information concerning the organization of the editoil in the full-length RecN. The
electron density map allowed to extend helieésandal0 (Figure 77), belonging to the
coiled-coil domain, that are only partially presémtthe RecKead structure (Figure 45).
These two very long and kinked helices make upbiginning of the coiled-coil domain
(Figure 77), and confer extreme rigidity to theledicoil protrusions. Short loops between
the helices contribute to the possible quaternaayrangement, by providing small degrees of

freedom to the entire RecN architecture.
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Figure 77: Crystal structure of ResNd. This construct contains an overlapping regiorhviechhead and
RecNcc crystal structures. The beginning of the coiled-soformed by two long helices that protrude fnam
the globular domain (containing the NBD). In hed, a kink allows the helix to bend in order to wimpund
010 in an anti-parallel fashion. It is possible nmsave a better understanding of the arrangenfeheaoiled-

coil domain. In the magnification a detailed viefatlte electron density map contoured atd i§ shown.

6.8. Summary of the results on Rectt and RecNAdd

The RecNc crystal structure represents the first complatectire of a coiled-coil from
an SMC or SMC-like protein. This is most likelya#dd to the fact that the coiled-coil region
in RecN is considerably shorter than the ones ptashomologous proteins, such as Rad50,
SMC and MukB.

RecNcc and RecMdd were designed and purified to homogeneity as dasgrin
Materials & Methods section and in (Pellegrinole@12a; Pellegrino et al, 2012 submitted).
The coiled-coil domain was crystallized as a dimemti-parallel assembly (Figure 64), a
finding that was also confirmed by analysis of tpeotein in solution (Figure 67).
Dimerization is driven by the formation of a larggdrophobic area between two RecN
monomers.

Removal of this interacting interface (to form tRRecN\dd protein) favored the
monomeric form instead of the dimeric assemblycasdirmed by the SEC-MALLS analysis
(Figure 73) and the crystal structure solved by .Ro(Figure 77). Due to difficulties in data
processing, the SAXS experiments performed on Red\id not provide a reliablab initio
model of the protein in solution. It is indeed radéar whether disruption of the dimeric

interface, leaving most of the coiled-coil intatiight lead to artefacts that produce oligomers
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More accurate SAXS data collection and processiightrprovide more useful information

regarding the structure of Reald in solution.
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Chapter 7.
A quasi-atomic model of RecN provides new

Insightsinto DSB repair
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Summary of chapter 7

A quasi-atomic model of full-length RecN is propdsa this work, based on the three
crystal structures obtained for Reoddd RecNec and RecMdd. RecN is very elongated, as
speculated by previous studies. The constructedehfiid very well with theab initio model
reconstructed from the Small Angle X-ray Scatteniaga, indicating that this model reliably

describes the behavior of the protein in solution.

Résumé du chapitre 7

Un modéle quasi-atomique de la protéine RecN en#é&t proposé dans ce travail, a
partir des trois structures cristallines de Riee&l] RecNcc et RecMldd. RecN est trés
allongée, comme prédit par les études antérieluesnodeéle obtenu est en parfait accord
avec le modéle reconstrb initio a partir des données de diffusion des rayons Xpetiks

angles. Ce modele décrit donc correctement le caepent de la protéine en solution.
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7.1. Building a reliable model of RecN

Detailed information regarding the structure df-fength RecN could now be derived
from the analysis of the crystal structures of Ree&] RecNcc and RecMdd (Figures 45,
64 and 77). A model of the entire protein (FiguB) @ould be assembled using these three
overlapping fragments. The structure of RddNwas used as a template for superposition of
the Rechead and RecNc structures. The final RecN monomer is 190 A lownith the
coiled-coil that protrudes out of the NBD (Figut®).7

: RecNce
Blue: RecNAdd
Red: RecNhead

Figure 78: Monomeric state of RecN. This model vbaslit by superimposing the three crystal structures
obtained in this work and colored differently folarity. The overlapping region in Reald allowed to
superimpose well the Retidadand RecNc crystal structures and have a full picture of\bey elongated full-

length RecN.

A complete model of dimeric RecN (Figure 79) wasduced using the model of
monomeric RecN (Figure 78) and the dimeric intexfat Recc (Figure 65). In this model,
the two head domains are located ~300 A aparteatwtio extremities of the dimer and are
twisted 180° apart (Figure 79). Such an elongatiedttsire of RecN is supported by literature
(Graumann & Knust, 2009) and by all our biophysiegberiments performed so far on RecN
(chapter 3).
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300 A

Figure 79: Dimeric assembly of DR RecN. One monoimeoloured in grey and the second in rainbow walp
for clarity. The distance between the two NBD i©63#, confirming the Rax value of theab initio envelope
determined by SAXS (315 A, § 3.2).

This model could then be compared to the SEC-MAIdrl SAXS data previously
performed (8 3.3) that indicated that RecN adoptdimeric assembly in solution. The
experimental SAXS curve could now be fitted to theoretical curve derived from the
assembled, quasi-atomic model, as described ife@Piglo et al, 2012 submitted). The fit was
very good, with a(z value of 3.44 over the whole scattering curve ({F@ég80). The good fit of
the two curves is indicative that the model deswitvell the structural organization of RecN

in solution.
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Figure 80: Overlay of the experimental (in red) ahéoretical (in blue) scattering curve of RecN.eTh
theoretical curve was derived from the quasi-atomdel proposed in this chapter. The goodnessta&fi
reported ag’ value.
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The dimeric model of RecN is shown in Figure 80.r&her elongated structure
(approximately 300 A) confirmed the hypothesis fiun the literature (Graumann & Knust,
2009) and was in agreement with the experimenfepeed so far on DR RecN (chapter 3).

Overlay of the quasi-atomic model of RecN with #i® initio envelope (Figure 81)
obtained by shape reconstruction from the SAXS datavs that these two models are in very
good agreement. Movements within the more flexilbbgions, such as the loops
interconnecting the-helices of the coiled-coil domain or the linketween the NBD and the

anchor motif, could allow the NBD to move a littéth respect to the entire structure.

Figure 81: The proposed model of RecN reflectstitgavior of the protein in solutioAb initio model obtained
after SAXS measurements (Figure 34) was superingptsehe quasi-atomic model of RecN built from the
crystal structures of its constitutive domains. The head domains fits with the bulky regions atheaide of

theab initio envelope.

7.2. ATP-induced structural re-organization

DLS measurements were performed on the differelieigth RecN mutants and
compared with the data obtained for the wild-typetgin. The full-length RecN displayed the
same hydrodynamic radius,Xtboth in presence and absence of 2mM ATP. The ¥valk
and B mutants, in contrast, showed a different ehathan the wild-type and their
hydrodynamic radii increased upon addition of AMreover, in the absence of ATP, these
mutants also showed a smaller hydrodynamic radinspared to wild-type RecN (Table 7).

At present, it is not clear what this is due to. dltanges in the hydrodynamic radius of
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RecN4dd were observed upon ATP addition, in conformityhsmhe wild type RecN and
RecNheaddomain.

RecN DLS (w/o ATP) () DLS (with ATP) (rp)
RecN'T 10.22 nm (0.156) 10.26 nm (0.137)
RecN*" 7.5 nm (0.31) 9.5 nm (0.22)
RecN©7A/E472Q 7.5 nm (0.29) 9.5 nm (0.44)
RecNC7AE4T2A n/a n/a
RecN®™ 7.6 nm (0.3) 8.5 nm (0.23)
RecNF472A 8.40 (0.33) 12.56 (0.2)
RecN*A 7.45 (0.14) 18.01 (0.25)
Rechhead"” 3.2 (0.25) 3.2(0.1)
Rechhead®"~VE4T2Q 4.0 (0.13) 4.2 (0.13)
Rechidd 4.66 (0.07) 4.60 (0.22)

Table 7: List of the hydrodynamic radii prior anflea addition of 2 mM ATP. Poly-dispersity valued(p
estimated by DLS is reported in parentheses.

7.3. Summary of RecN modeling

The quasi-atomic model of RecN, built from the #hengle crystal structures of its
constitutive domains, revealed that RecN is an gdted, dimeric protein with its NBDs
located at each of its extremities, almost 300 ArapThis model is consistent (Figure 81)
with our SAXS data obtained in solution on a samplédigh salt (1 M NaCl) and shown
initially in Figure 35. The dimeric assembly of Reprovided the first complete model for an
SMC-like protein and is of interest also for thedarstanding of the role of RecN. In a model
in which the two NBDs are located at either endshef dimer it is unclear how such an
assembly might interact with DNA to trigger DSB a@p

The model we proposed is very elongated and asplimited flexibility located

principally at the level of the loops connecting thifferent helices of the coiled-coil domain.
This could be a reason why crystallization of felhgth was not successful. However, our
guasi-atomic model supported by our SAXS studyasgnts a very good approximation of
the architecture of RecN. Further SAXS studieshie presence of ATP/ADP/AMP-PNP
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could provide additional information regarding ttanformational re-arrangements that occur

upon nucleotide-binding.
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Chapter 8:
Biochemical activities of RecN, RecNhead

and their respective mutants
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Summary of chapter 8

Biochemical studies were performed on full-lenB#cN and RecNead since this last
construct was designed so as to conserve the iytegithe NBD. RecN was shown to have
both ATPase and DNA end-joining activities, confing previously work on RecN and
homologous proteins, such as Rad50. DNA-bindingviagtwas also assayed and a ladder-
like band-shift pattern was observed suggesting ReN might form oligomers along the
dsDNA. In contrast, Redi¥addomain displayed strongly reduced activity fortbactivity
assays and a very different DNA binding pattern.

Mutants of RecN and Re¢iad domain that had previously been expressed and
purified were also characterized biochemically. ATyRirolysis, DNA end-joining and DNA

band-shift assays were performed and the resutteeaivo different constructs compared.

Résumé du chapitre8

Des études biochimiques ont été effectuées suN Rettiere et Rechkead puisque
cette construction avait été concue afin de comesdfwntégrité du domaine de fixation de
nucleotide. Nous avons démontré que RecN possddefas une activité ATPase et une
activité de liaison d’ADN confirmant ainsi des teax précédant sur RecN et des protéines
homologues, telle que Rad50. L’interaction de Raglic de I'ADN double brin a également
été testée, produisant plusieurs bandes de tadiézbles (telle une échelle) sur le gel, ce qui
suggere que RecN pourrait former des oligomerésnig de 'ADN double brin. Le domaine
RecNheadquant a lui affichait des activités ATPase estiai de I'ADN fortement réduites et
un mode d’interaction avec I’ADN double brin traff@rent.

Des mutants de RecN et Rdeddqui avait précédemment été exprimeés et purifiés on
deux extrémités d’ADN et des tests d’interactioe@VADN ont été effectués et les résultats

des deux constructions furent compares.
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8.1. ATP hydrolysis activity is disrupted in Reciead domain

A weak ATPase activity was detected for full-léen&ecN and it was shown to be in the
range of what is reported in the literature (Pelleget al, 2012 submitted). The Malachite
Green (Baykov et al, 1988) method was used for tifyarg ATP hydrolysis and a detailed
protocol is described in the section of Materiadd dethods.

RecNhead domain was designed in order to reconstitute tttevea NBD, typical of
SMC and SMC-like proteins (Hopfner et al, 2000; Ilraems et al, 2011; Lowe et al, 2001)
and, we therefore expected the ATPase activity dordiained in such a construct. The
RecNhead domain, however, showed a severely reduced act{(@ellegrino et al, 2012
submitted), suggesting the coiled-coil region iseedial for thein vitro ATPase activity
(Figure 82 and Table 8).

Mutagenesis is a powerful tool for dissecting thEPAhydrolysis mechanism and its
influence on the structural rearrangement of SM@-fproteins. The activities of Walker A
and B mutants were also measured and compared #xtivities of their respective wild-type
proteins. For both RecN and Rdudhd single and double mutations of K67 (Walker-A) and
E472 (Walker-B) resulted in a severely reduced AsEPactivity. Exception comes from the
E472Q mutation that leads to a 2-fold increaseéhan ATPase rate of RecN and a dramatic
increase (approximately 25-fold) in the activity RécNead domain (Figure 82). Such a
mutation is expected to mimic a transition stated aherefore facilitate head-head
engagement, but block ATP hydrolysis. Previous isticdhave indeed reported that this
mutation leads to impaired hydrolysis activity dIG proteins (Lammens et al, 2004). In
RecN, however, mutant E472Q displays an increaastedaf ATP hydrolysis (from ~2-fold in
RecN to ~25-fold for Rechkead domain). This may be an additional indication thiae
nucleotide-binding pocket of RecN is slightly diéat from those of other SMC and SMC-
like proteins.

Furthermore we tested the ATPase activity of Ranbl RecMeadin the presence of an
excess of dsDNA substrate (50-mer). An increasdivigcwas observed for Redi¢ad
(Figure 82), while in the case of full-length Reats, ATPase activity was unchanged (Table
8). Low salt conditions were used in order to stateiDNA binding, which would otherwise
have been inhibited if the high salt conditionsguieed for RecN solubility, had been
maintained.
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RecN RecNhead
Wild-type 351.7+£19.8 49.7 £ 14
K67A 101.1 +13.6 27.0+7.6
E472A 60.4 £ 20.9 50.5+1.8
E472Q 760.0£32.4 1206.3 £+ 101.9
K67A | E472A 229+5.0 20.3+29
K67A | E472Q 59.8 £+ 12.2 4.4+£25
D471A 349.3+£9.84 n/a
Wild-type in low salt 258.7 £ 24.5 53.9 £ 6.65
buffer
WT + dsDNA 50mer 157.2 +13.8 197.7 £ 33.2

Table 8: ATP hydrolysis rates of RecN and Reebidare displayed as (nmol Released / min). Activities of
mutants of both protein constructs are also shown.
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Figure 82: ATP hydrolysis activity of RecN, Reodaddomain and their respective mutants. The Rexd
domain showed reduced activity compared to Rec. mbtants (K67A, E472A, K67A/E472Q, K67TA/E4AT2A)
of both construct displayed reduced or abolishetiVing as reported in the previous literature. Timeitant

E472Q, in contrast, showed an increased ATPasevtaee, in the literature, is reported to inhibi¢ activity.

8.2. DNA-end joining activity

Previous work has shed light on the possible fonst of RecN in cells and,
particularly, in DNA damage recognition. DNA endrimg activity has recently been
reported for DR RecN (Reyes et al, 2010). In thiglg, RecN was shown to promote the
tethering of two DNA ends for subsequent ligatignabDNA ligase. The protocol was fully
described in (Reyes et al, 2010) and, adapteddospecific case, in (Pellegrino et al, 2012
submitted).

RecN displayed DNA end-joining activity (Figure)83vhile as in the case of the
ATPase activity, Rechkadwas largely inactive (Figure 84) probably as a tesfuthe loss of
the coiled-coil domain. RecN mutants showed reduaetivity and a behavior that was
largely reminiscent of that of RecN in the preseotcthe non-hydrolysable analogue of ATP,
ATPyS (Reyes et al, 2010).
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Figure 83: DNA end-joining activity of Recprotein and its mutants. pUC19 plasmid was lineatiasing the
restriction enzyme Sspl, which creates blunt DNArand used as substrate for performingrhétro assay
(3 uM bp). Three concentrations (0.1, 1,.¥1) are reported, but a broader range of concentrativere tested in
order to have a better understanding of the efféconcentration on the DNA end-joining activity. VW& are

reported in kDa. B: blank; S: supercoiled; L: lineed.

Experiments performed on Walker-A and B mutantRe¢Nheadrevealed that mutated
RecNheaddomains showed restored ability to induce DNA &gdtion (Figure 84), but the
activity appeared to be less regulated and yieldsg high-molecular weight DNA species
(Pellegrino et al, 2012 submitted). We speculate these mutations affect the release of the
nucleotide from the ATP-binding pocket and thusofa#TP-dependent dimerization, which

seems to be essential for this DNA-end-joining\atsti

132



wtRecN K67A  E472Q K67A/E472Q

RecN (uM) B 0.1 1 4 011 4011 4011 4 S L

10,000
8,000
6,000
5,000
4,000
3,500
3,000
2,500
2,000

1,500

1,000
750
500

Figure 84: DNA end-joining activity of Redidaddomain and its mutants. pUC19 plasmid was linedrizging
the restriction enzyme Sspl, which creates bluntADénds, and used as substrate for performingrthétro
assay (3uM bp). Three concentrations (0.1, 1pM) are reported, but a broader range of concentrativere
tested. The mutants displayed restored activity paoed to the wild-type Rediad suggesting that the
mechanism could not be related to ATP hydrolysts/iig. MWSs are reported in kDa. B: blank; S: supaited,;

L: linearized.

RecN was previously shown (Reyes et al, 2010)atemo preference for the dsDNA
substrate. This finding was also confirmed by oltADend-joining experiments performed
on RecN using 5’-overhang (created by EcoRI, Fetagrand 3’-overhang dsDNA (created
by Sacl, Fermentas). Figure 85 represents a DNAa@nohg assay performed on RecN using
the 3’-overhang dsDNA.
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Figure 85: DNA end-joining assay performed on Reefd-type protein, using 3’-overhanged dsDNA
previously digested with Sacl. The pattern of DN#dgoining activity is similar to what seen prevaiy using
dsDNA with blunt ends. MWs are reported in kDabink.

8.3. Band-shift assay for detection of RecN bindg to DNA

Our in vitro studies (8 8.2) had previously highligd the capacity of RecN to stimulate
intermolecular ligation of DNA linear molecules ¢tre 83). In order to further characterize
RecN'’s ability to interact with DNA we performed d€trophoretic Mobility Shift Assay
(EMSA) as described in Materials & Methods. Theuhss are presented here and in
(Pellegrino et al, 2012 submitted). 50-mer dsDNAswased and 5 % non-denaturing
acrylamide gels were run in order to detect possdfiifts of the DNA. Detection of DNA
bandshifts with full-length RecN proved to be veilifficult since the protein alone did not
enter such gels. This is most likely a consequerfides elongated shape, which prevents the
protein from running smoothly into the gel matrfferent native gel systems (acrylamide,
agarose and mixed acrylamide/agarose) and buff&& pH 8.3 and Tris-HCI pH 8.0) were
tried in order to improve the protocol, but at bestly a small fraction of the protein entered
the gels. In these conditions it was impossiblecdory out a quantitative study of RecN
binding to DNA.

RecNheaddomain, in contrast to full-length RecN, is motebylar (chapter 5) and

entered the native gels without the problems egpegd for RecN protein. In the conditions
tested, notably in 50 mM Tris-HCI pH 7.5, 150 mM @Qlaand 5 mM MgCJ, wild-type
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RecNhead domain displayed a clear capacity to bind dsDNAy{Fe 86). The presence of
ATP did not significantly affect DNA binding.

WT Mut K/A-E/Q Mut E/Q Mut K/A-E/A

ATP " T . S e - = = = o+ = == = k4 %

pM RecNhead 0 5 20 50 5 20 50 0 5 20 50 5 2050 0 5205052050 0 520505 20 50

L R L

Figure 86: EMSA performed on RebBladdomain. A DNA smear is visible for the wild-typeogein while for
the mutants did not show a detectable binding. Expsnts were carried out in presence or absence o
ATP and using a 50-mer dsDNA with a fluoresceireited on the middle.

Full-length RecN was also found to interact witibbi$\. However, more than one form
was favored and a ladder-like pattern was gener@digdire 86). This result suggested that
RecN could form oligomers upon DNA interaction, deey to the formation of different
forms of DNA:protein complexes. The mechanism ulyt®y the DNA-binding of RecN,
however, remains an open question and data obtaméar do not allow us to clearly define
how the process takes place. Our results, nonsthedaggest that RecN binds to dsDNA non-
specifically (Figure 87) most likely by sensing DNekds rather than a particular sequence
and shows a tendency to polymerize on the DNA. &hility to form protein filaments along
the DNA seems to be regulated by ATP, since thsegmee of ATP in the EMSA assay
interfered with the formation of a ladder-like [ait.
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Figure 87: EMSA on the full-length RecN protein.eTbharacteristic pattern is indicative of the pneseof
multiple forms of protein:DNA assemblies, whichimlately lead to a ladder-like profile on the natiyel. In
presence of ATP the effect seems to be reducediestigg that in presence of nucleotide RecN migiveha

different mechanism of interaction with DNA.

8.4. Summary of the biochemical characterization oRecN and RecMead

Our biochemical data confirmed what was proposedhm literature for proteins
homologous to RecN. The ATP hydrolytic activityvieak (approximately 350 nmol ATP
hydrolyzed mift) as reported for ABC and ABC-like proteins (Hopfre¢ al, 2000). DNA
end-joining activity of DR RecN was also confirm@eyes et al, 2010). Rebdaddomain
was also tested and its behavior was very diffecenmpared to full-length RecN. Rehbiad
displayed a strongly reduced ATPase activity an®@N@& end-joining activity.

Extensive study of the different mutants produdedh for RecN and Redi¢ad
proteins led to the conclusion that the mutateddues were crucial for ATP-binding and
hydrolysis. Only the E472Q mutant was found to vehia an unexpected way: this mutant
displayed a remarkably increased ATP hydrolysi®e,raistead of a reduced activity as
reported in the literature (Lammens et al, 2004 Teason for this is not clear, since in SMC
and SMC-like proteins this mutation, that mimicgansition state reduces considerably the
ATPase activity.

The DNA end-joining assay was reproduced (Reyes,€2010) and the results were
very similar. Recleaddomain was also assayed and it was found to beiefgfin DNA

end-joining activity. The coiled-coil domain thuppeears to be needed for RecN'’s role in
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stimulating the oligomerization of the DNA subsgratlutants were also tested both for RecN
and RecMeadproteins: in the first case (Figure 84) the resulere comparable to that seen
when ATR'S was added instead of ATP (Reyes et al, 2010).ovh@ns and dimers were the
most favored species especially at high protein:Didfios. However for the Rediad
mutants, the presence of the altered ATP-bindirig allowed an increased head-head
engagement and this stimulated the productiongifdriorder MW DNA bands.

In conclusion the mutations introduced in the fiorally conserved Walker-motifs of
RecN led to a decrease of the activity comparateavild-type protein (Figure 83). Removal
of the coiled-coil domain caused the loss of thgulation of DNA end-joining activity, as
demonstrated by the marked decrease of the muilaiEem pattern seen by Rebdhad
domain. On the other hand, mutations introducedR@cNead protein led to increased
formation of higher order DNA bands, stimulatednbgre favorable head-head engagements.

In order to further dissect the mechanisms of DdiAding and end-joining by RecN, it
would be particularly interesting to prepare camsis carrying mutations in the residues
actively involved in DNA-binding, once identifiedhe use of FRET technology could also
help in understanding the preference of RecN foARNDbstrates, labeling different ends with
different dyes and then measuring the fluorescéacesferred between the two labels. Crystal
structures of RecN or Retidaddomain in complex with DNA would of course be oéjor
relevance for a more detailed understanding of itlteractions occurring during DSB

recognition and repair.
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Chapter 9:

Discussion
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Summary of chapter 9

In this chapter an extensive discussion of thellteobtained during this work is
presented. The model of the full-length RecN biudm the crystal structures of Relkdad
RecNcc and RecMdd and the Small Angle X-ray Scattering envelopeissussed.

Biochemical results are also discussed and a nmafdigle mechanism underlying the
Double Strand Break recognition step in DNA repiirproposed. Furthermore, future
experiments are suggested in order to gain a deewmrstanding of the role of RecN in this

essential cellular process of DNA repair.

Résumé du chapitre 9

Dans ce chapitre, une discussion approfondie éssltats obtenus au cours de ce
travail est présentée. Le modele de la protéiné\Rettiere construite & partir des structures
cristallines de Rechead RecNcc et Recdd et de I'enveloppe obtenue par diffusion des
rayons X aux petits angles est discuté.

Les données biochimiques sont également disc@es modeéle du mécanisme de
reconnaissance des cassures double brin lors depéaation de 'ADN est proposé. Par
ailleurs, des expériences complémentaires sont opéms afin d’approfondir notre
compréhension du réle de RecN dans cet importaegsus cellulaire gu’est la réparation de
I’ADN.
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9.1. Structural characterization of RecN

The crystal structures obtained in this work réegahat RecN consists of two major
domains: a globular region containing the NBD, whige referred to as Retiad (Figure
45) and a coiled-coil region, which we referrecatoRecNc (Figure 64). The NBD is typical
of ABC-like proteins, such as SMC or Rad50, andvslved in binding and hydrolysis of tri-
phosphate nucleotides, particularly ATP. Compaeasitructural analysis of the head domain
of RecN showed that the fold of the ATP-binding lpetovas conserved. However, there were
small differences in the orientation of the actisi¢e residues involved in binding and
hydrolysis, even though the location of the Walkeand B motifs was relatively conserved
(Figure 45). The signature sequence displayed fardift orientation in RecN compared to
Rad50 (Figure 45-B and C) with a ~60 degree ratatwhich also greatly affected the
positioning of the anchor motif (Figure 45-C) and associated coiled-coil domain. The
crystal structure of RedMad confirmed our previous low-resolution studies parfed by
SAXS (Figure 47), suggesting that the behaviorolutson is very close to what was seen in
the crystal.

The crystal structure of Rechl on the other hand, was found to form a stable -ATP
independent dimer, through extensive hydropholierattions between theé-07-a8 helices
of the two monomers (Figure 64). The coiled-coilSMC proteins is thought to be very
flexible and allow the NBDs of the two units cotiging the functional dimer to interact upon
ATP-binding. In RecN, in contrast, the extended afimation region and the intrinsic
architecture (Figure 64) of the coiled-coil domeanfer rigidity to this rod-like structure. It is
therefore very unlikely that two RecN monomers frargiven dimer interact with each other
via their head domains. This finding is also camsiswith our SAXS data, which resulted in
the reconstruction of an envelope that fitted wéth the crystal structure obtained (Figure
67). Comparison of Rea®¢ with other crystal structures of SMC or SMC-likenérization
domains was discussed thoroughly in (Pellegrira,e2012 submitted).

The crystal structure of a deletion mutant of R€ENjure 77), which we referred to as
RecNAdd, allowed to better define the orientation and dinganization of the coiled-coil,
especially in the region which was missing in thestal structures of Redi¢adand Recc.
The resolution of the data (4 A) was sufficientttace with good approximation the main
chain of the protein and several cycles of refinehalowed to describe the kink present on
helix a5 needed to induce the torsion of the coiled-coirider to form the characteristic anti-
parallel architecture.
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In addition to these crystallographic models, & tesolution SAXS study of a double
mutant of Recleaddomain, named Redi¢ad®’~E4">2 also provided a model of the large-
scale conformational rearrangements of the Reeld domain upon nucleotide binding
(Figure 54). The envelope clearly showed the oaigot and positioning of helice®-010,
which correspond to the beginning of the coiled-doimain. The helices pointed out in the
same direction suggesting that the two NBDs intera@ head-to-tail orientation in order to
reconstitute the two nucleotide binding pocketthair interface. However, the resolution of
the envelope was not high enough to gain a fullesstdnding of the local structural re-
arrangements occurring at the level of the ATP-bigdpockets. Higher resolution data,
through improvement of the initial crystallizati@onditions (Figure 56), would provide a
better understanding of the detailed molecular reism underlying nucleotide binding and
hydrolysis by RecN.

Figure 88: Possible model for the tetrameric foffDB RecN. ATP stimulates the interaction of two Di§ as
seen from the SAXS data on Rewad 54’22 the other two NBDs, in contrast, are free torate with the
NBDs from nearby molecules or, alternatively, magtice dissociation of the first two head domaiperuATP
hydrolysis. This suggests a dynamic role of RecR$B repair.

All our structural information could be broughtg&her in order to define a quasi-
atomic model of the monomeric, dimeric and alsoateeric arrangements of RecN. RecN

monomer and dimer were discussed thoroughly inviloik and also in paper Il (Pellegrino
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et al, 2012 submitted), and led to the definitiém @00 A long structure, which we proposed
could bind DNA via each of its head domains, whkb toiled-coil region acting as a spacer
between the two DNA fragments. A tetrameric arranget (Figure 88), however, could
provide a possible explanation for the dynamic®©8B recognition and repair initiation by
RecN.

9.2. ATP hydrolysis: a regulatory mechanism?

Full-length RecN was found to possess both ATREgire 82) and DNA-end joining
activities (Figure 83). Its weak ATPase rate wasisgsient with what was previously
published for ABC-like proteins such as Rad50 (bodl & Blight, 1999; Hopfner et al,
2000). ATP binding and hydrolysis is crucial for datation of the putative activity; therefore
the ATP binding pockets have evolved to avoid ut@died ATP hydrolysis (Pellegrino et al,
2012 submitted).

Biochemical characterization of Rele®hd protein revealed that its ATPase activity
was strongly reduced compared to full-length ReioNicating that head-head engagement is
very inefficient in the absence of the coiled-ataimain (Figure 82 and Table 8). This may
result from the increased degree of freedom oNB® in RecNheadcompared to full-length
RecN, which would allow the head domain to adofgrahtive conformations that may not be
functional.

Mutations were introduced into both RecN and Reedd proteins in order to dissect
the ATP binding and hydrolysis processes. Mosth&f mutants displayed very little or
completely abolished ATPase activity, confirmingttithe mutated residues are actively
involved in hydrolysis (Figure 82). The E472Q mutdmowever, did not behave as previously
reported in the literature (Hirano & Hirano, 200gmmens et al, 2004). This is a common
mutation introduced into Walker-B motifs, whichsisggested to favor head-head engagement
and mimic a transition state, leading to the irtiobi of the activity. In the biochemical
studies we performed, the ATP hydrolysis rate meststor this particular mutant showed a
remarkable increase. The unexpected trend of thé2@4mutant may result from the
increased head-head engagement together with & dleaerangement of the nucleotide-
binding pocket allowing for a neighboring reside {1 would be a good candidate for such
a role) to compensate for the E/Q mutation. Cricgahphic data collected on crystals of this
mutant did not reveal any remarkable differenceh@&ATP-binding pocket. Improvement of

the diffraction quality (3.5 A was the maximum rkgmn achieved) and co-crystallization
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with different nucleotides might lead to a betteidepth view of the mechanism underlying
such an increased hydrolytic activity.

The tight regulation of the ATPase activity of Reafdy be disrupted by the introduced
mutation. In DR recN gene is constitutively expressed (Tanaka et @4p@nd this could
represent one of the reasons for keeping the tgshblytic activity of RecN low. In the
presence of DNA the ATPase activity increases, lygtaunknown mechanism (Figure 82)
(Pellegrino et al, 2012 submitted; Reyes et al, 020%anchez & Alonso, 2005). DR
engineering with the cited mutations might be ugedn vivo studies in order to see whether
these substitutions occurring at the Walker-moiifSuence the entire DSB recognition

mechanism, thus leading to different DR phenotypes.

9.3. DNA end-joining activity of RecN

DNA end-joining activity has been reported for lamrcohesins, yeast Rad50 and DR
RecN proteins (Losada & Hirano, 2001; Reyes eR@1,0; Tomkinson et al, 2005). Activity
was found to be independent of ATP hydrolysis (Toreén et al, 2005) and the studies
performed on RecN and RebBaddomain confirmed this finding (Figures 83 and 83¢cN
did not display a particular preference for DNA sr{iloth overhang (Figure 85) and blunt
ends were processed) suggesting that the protgint mécognize topological features of DNA
rather than specific sequences. We would therefgpect that residues in the putative DNA-
binding site would interact preferentially with tBNA backbone. The results obtained from
the DNA end-joining assay (chapter 8) showed the DNA oligomerization pattern
resulting from the activity of the RecN mutants veamilar to experiments performed on the
wild-type but in the presence of A¥B, a non-hydrolyzable ATP analogue. In these
experimental conditions monomers and dimers weeentbst favored species (Reyes et al,
2010). These findings suggest that the DNA end#jgiims also promoted in the absence of an
efficient ATP hydrolysis activity.

The mutated RecN constructs might therefore beblenep release the DNA and be
recycled so as to promote the ligation of additiob&dlA molecules into high molecular
weight forms. Wild-type Rechkead domain, in contrast to its mutants, displayed a
characteristic DNA-end joining pattern in which sii@id DNA monomers were the only
species produced, suggesting that the head dontaie avas unable to promote inter-
molecular DNA ligation, while at the same time initing re-circularization of the plasmid
DNA (Figure 84). The presence of the coiled-coértfore appears to play a pivotal role in

the capacity of RecN to stimulate DNA end-joinirgjivty (discussed in § 8.2).
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These results indicate that head-head engagemiict) v8 ineffective in Recheadbut
favored in RecNead mutants,is essential for the DNA end-joining activity of &¢ This
finding is supported by the SAXS study of Réedd®“E42Q in which head-head
engagement was found to be induced by introdud¢iagibuble mutation K67A / E472Q.

9.4. DNA binding ability of RecN

DNA binding studies showed that Rdodadwas able to interact weakly with a dsDNA
oligonucleotide (50-mer) (Figure 84), even thoubgh RecNiead protein was found to be
deficient in DNA end-joining activity. This suggestthat engagement of the head domains
and a functional ATPase activity are not necessaetjuired for DNA binding. The DNA-
binding ability of Reckheaddomain was also not improved after addition of AFRjure 86),
confirming the hypothesis mentioned above. In aaldito this finding, no detectable DNA
binding was observed for the ATPase deficient mstari RecNhead which means that
single head domains interact more tightly with Di¥an ATP-dependent dimers. A crystal
structure of RecNead domain in complex with DNA would be a priority iorder to
understand the driving mechanism of DSB recognition

The DNA binding pattern of full-length RecN, in dwast, reflected a controlled
assembly on the DNA (Figure 85). Binding to DNA vadserved as a ladder-like pattern and
not as smear as in the case of Reedtldomain, indicating that the coiled-coil may here
again be playing a central role in regulating siieg@rotein:DNA interactions. Here again, a
crystal structure of RecN in complex with DNA woubeé of great benefit in order to gain
further insight into the process of protein:DNA draction. SAXS coupled to SANS
experiments would also provide low-resolution imi@tion regarding the architecture and
overall shape of protein:DNA complexes. SANS wolkdparticularly useful to identify the
region of RecN that interacts with DNA, by takindvantage of the difference in scattering of
DNA compared to protein (method known as contrasiation).

Calculation of the electrostatic surface potentfilRecN revealed that its surface is
largely dominated by negatively charged residuspeé€ially concentrated in the coiled-coll
region (Figure 89). In contrast, a few patches adifive charges are detectable and all of
them are located on the globular region, suggeshiagthe head domain represents a good
candidate as a potential DNA binding domain (Fig2®& This would suggest a difference in
the mechanism compared to SMC proteins, for whirhhinge domain, involved in protein
dimerization, has also been reported to be involrdaNA binding (Griese & Hopfner, 2011,

Griese et al, 2010).
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Figure 89: Electrostatic surface representatiordiaferic RecN protein. The coiled-coil domain is nigi
negatively charged, so it is unlikely to be thegtwve DNA binding site. This contrasts with SMC ¢
domains, for which DNA-binding activity has beerpoeted (Griese & Hopfner, 2011; Griese et al, 2010)

Positive charges are represented in blue whilethegare represented in red.

This positively charged patch consists of thregrame residues (R81, R120 and R133),
two of which are highly conserved within the Reatpin family (Figure 22).

Figure 90: Positively charged patch on the surfafcthe globular head domain of full-length RecN.€TR120
residue that points out to the solvent is showrstaks and indicated by a black arrow. Positivergba are

represented in blue while negative are representestl.

These residues are respectively locate@@ru2 and the loop connectingl to 4 of
the NBD (Figure 45) and all of them point out todsithe solvent area and are therefore
ideally positioned to interact with the negativelyarged DNA backbone (Pellegrino et al,

2012 submitted) (Figure 91). Identification of tABIA-binding site (Figure 90 and 91) might
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be dissected through specific mutations, but godhis the DNA-binding conditions need to

be improved in order to obtain reliable band-shifts

Figure 91: Model of DNA binding proposed on thesibaof the results obtained in this work. DNA cofiled
place at the top of the dimeric structure of Reedld where the two R120 point out in the minor gromie
DNA. Positive charges are represented in blue wiélgative are represented in red. DNA is repregeasea

cartoon.

Finally, we speculate that Rebdaddomain, through ATP-induced dimerization, might
regulate the interaction of RecN with a moleculedotible stranded DNA (Pellegrino et al,
2012 submitted) (Figure 91). The R120 belongingach RecHead monomers nicely fits
into two consecutive grooves of the DNA structufg(re 92).

Alternatively, dimeric RecNead protein might bind simultaneously to two different
dsDNA molecules (Figure 92A), which would then faaeh other adopting a yet unknown

orientation.
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Location of ATP molecules s
indicated. Structural re-arrangement|is
expected, in order to create the
B) functional nucleotide-binding pocket.

Figure 92: Representation of DNA interaction witedRhead domain. A) Detail of the conserved arginine
residues, namely R81, R120 and R133, putativelyolirmd into DNA-binding. B) Alternative model
representing the Redad®’~54"22 in which nucleotide has been suggested to beégnto the ATP-binding
cleft (black arrow). Structural re-arrangementtad pocket is expected in view of the highly negatiharacter
of the pocket (from the top view of the cleft). Riee charges are represented in blue while negadire

represented in red. DNA is represented as a cartoon

9.5. DSB repair initiation

The mechanism of action of RecN is still only ggarnderstood, but in view of our
structural and biochemical results we can specwatéhow RecN may function in DSB
recognition and repair (Figure 93). We propose iD&Bs in the DNA are recognized by a
single head domain of a RecN dimer. The second menavould then interact with the
homologous strand. In this way the coiled-coil domacts as a spacer, maintaining the
homologous strands far apart, before the DNA repeichinery intervenes. Binding of the
single NBDs to DNA would then favor nucleotide (ATibtnding, leading to the formation of
a dimer of RecNeaddomains between two dimeric RecN assemblies. Eaéyt this would

promote polymerization of RecN along the DNA.
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Figure 93: Model for RecN DSB recognition and HRiation. RecN was speculated to bind both to daedag

and “healthy” homologous DNA and thus induce therugment of the repair machinery on specific sités
DSB, as supported kg vivo studies orB. subtilis where RecN was recruited to distinct DSB repaai.fOnce
RecN binds to the damaged DNA, the presence of Alldv the formation of tetramers of RecN, whichrthe
polymerises along the DNA. This probably inducesaaation in the DNA conformation which recruitseth
DNA repair machinery to restore the integrity o tANA.

Once RecN has assembled on either sides of the h8Berminal NBDs associated with the

DNA ends may also engage so as to tether the taleebrends (Figure 93). The arrival of the
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DNA repair machinery would then stimulate ATP hylgisis and disassembly of RecN from
the DNA to be recycled for a new round of repalisTmodel is similar to the one proposed
for cohesin proteins (Hirano, 2006) but the ch#@ie-Istructural organization of RecN
revealed by our quasi-atomic structure of RecNésfirst experimental evidence supporting
such a model. Electron microscopy (EM) studies migipresent a suitable tool for
investigation of the polymerization state of Reeiuced by the presence of ATP and DNA

substrate.

9.6. Conclusion

The results obtained during this work were disedsshoroughly in the three
manuscripts (Pellegrino et al, 2012a; Pellegrinale2012 submitted; Pellegrino et al, 2012b)
and enabled us to draw a schematic model of DS&greton in Deinococcus radiodurans
in which we speculate on the putative function ecR in DSB repair. The crystal structures
of Rechhead RecNec and RecMdd were solved to resolutions of 3.0, 2.0 and 4.0 A
respectively and together provided a quasi-atoesolution model of the full RecN protein.
This model represents the first complete model wieanber of the SMC protein family. This
model of RecN along with all our crystallographeta were supported by solution scattering
studies, which indicated that the structures seewur crystals were maintained in solution.
Moreover, in cases when protein crystals were btdined, SAXS data were very valuable
and provided further insight into the shape andigecture of the assemblies. This was
notably the case for the study of the dimeric, eatitle-bound Rechead®"VE4"2mutant.

Our structural work together with our in-depth Hiemical characterization of RecN’s
in vitro activities have greatly contributed to a bettedenstanding of the role and mode of
action of RecN in DSB repair. But more broadly, awork has also provided valuable
experimental evidence in support of a model forftiretion of SMC and SMC-like proteins

in the numerous cellular processes involving DNtheeing and cohesion activities.
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Appendix-I:
Application of synchrotron radiation to

Structural Biology



Summary of Appendix-|

A basic presentation of synchrotron radiation dmv this is routinely used for
Structural Biology purposes is presented in thispthr. The protein crystallization process is
also discussed and the phase diagram is described.

In order to solve a protein structure, it is neagg to solve the phase problem, since the
diffraction experiment performed on a protein caysinly provides information about the
amplitudes of the diffracted photons and not alibetphases. There are three methods for
solving such a problem: Molecular Replacement, mqinous Replacement and Anomalous
Dispersion.

Small Angle X-ray Scattering (SAXS) is nowadayseesively used as a technique for
overall envelope reconstruction and visualizatibrcanformational rearrangements induced

by specific cofactors or substrates. Basic thed§AXS is presented in this chapter.

Résumé de I'annexe

Ce chapitre présente brievement le rayonnementhsgtron et comment cela est
couramment utilisé en Biologie Structurale. Le ms8us de cristallisation des protéines est
également discuté et le diagramme de phase est décr

Afin de résoudre la structure cristalline d’unetpgine, il est nécessaire de résoudre le
probleme de phase, puisque seules les amplitudephi#ons diffractés et non leurs phases
peuvent étre extraites des expériences de diffractifectuée sur un cristal de protéine. Il
existe trois méthodes pour résoudre un tel prohlélmeremplacement moléculaire, le
remplacement isomorphe et la dispersion anomale.

La diffusion des rayons X aux petits angles egbad'hui largement utilisée comme
technique pour la reconstruction d’enveloppe glebal la visualisation de changements
conformationnels induits par des cofacteurs oustdéstrats. La théorie de base du SAXS est

présentée dans ce chapitre.



1. Generation of synchrotron radiation

In the last two decades synchrotron radiation (&) becomeery important in Structural
Biology.

A synchrotron is a cyclic particle accelerator ihieh charged particles travel very close to
the speed of light (Helliwell, 1992). When high-eye particles, including electrons, are in
rapid motion and are forced to travel in a curvathgpy a magnetic field, SR is produced. To
produce SR (Figure Al), electrons are injectedughoa linear accelerator (Linac) into a
small ring, called a booster synchrotron. Heredleetrons are accelerated to nearly the speed
of light and, then, injected into the storage rifige synchrotron light is produced at each
bending event of the electrons: magnetic elemavtigh induce a curvature in the trajectory,
are placed along the path in the storage ring.synehrotron light is produced tangentially to

the direction of the travelling electrons (Figur&)AElder et al, 1947).

Electron Gun: produces electrons.

Linear Accelerator (LinAc): accelerates electramsi¢ar the speed of light.
Booster Ring: further increases the energy of tbetmns.

Storage Ring: maintains the electron energy andym®es radiation.

Beamline: set up of radiation for experiments.

o gk~ w NP

Experimental Hutch: User area.

Figure Al: A general view of how SR is generatell.tihe steps necessary to produce the synchroigbnh &re

described. Figure taken fronttp://shelx.uni-ac.gwdg.de/~tg/teaching/seminars




1.1. Properties of synchrotron radiation in relatian to Structural Biology

Synchrotron radiation can be used for a broadetsanf experiments, from Physics to
Chemistry and, ultimately, Biology. The main prajpes of SR which are of importance for
Structural Biology experiments are:

. High brilliance.

*  Tunable over a wide range of different wavelengtissially in the range of 5 to 20
keV. The shorter the wavelength of the beam, theetothe absorption of the
protein crystal will be (Helliwell, 1992).

Protein crystals are difficult to study due to ithmtrinsic properties. First of all,
scattering from such crystals is weak due to thestwtive light atoms, mostly carbon (C),
oxygen (O), nitrogen (N) and hydrogen (H). Largdvent regions, together with the
flexibility and disorder that can occur in the dats, can be factors that reduce the scattering
into the Bragg reflections. The high brightnesgshe SR beam allows a collimated beam to
hit a small cross-section area of the crystal, miing the signal to noise ratio (Helliwell,
1992). This can improve the resolution of the daitained, even in protein crystals, as long
as theradiation damage is taken into account. The use of high doses ofdR lead to the
creation of photoelectrons, which result when reglergy photons are absorbed by light
atoms (Garman & Nave, 2009). The principal consege®f such an event is the creation of
secondary electrons, which cause further excitadioth ionization inside the protein crystal.
This process ultimately creates free radicals (lmdnom water molecules) that may lead to
decarboxylation, disulphide bond breakage, cleawdige S bonds in methionines, in addition
to the crystal lifetime decay (Burmeister, 2000v&h& & McSweeney, 2000). In order to
avoid the above-mentioned serious problewryp-cooling of protein crystals has been
introduced (Garman & Owen, 2006). The use of sivaxtelength SR X-rays reduces also the

amount of absorbed X-rays and, by consequencelaimage to the crystal.

2. Protein crystallization
Crystalline material is an ordered and repeatealyasf atoms or molecules. In Structural
Biology single crystals of proteins can be used¢oform X-ray diffraction experiments,
which ultimately lead to the determination of thenaic structure of the protein.
Supersaturation is the driving force in the crystation process: it is only when this
situation is achieved that crystalline nuclei aredpced (Figure A2) (Kashchiev, 2000).

However, too much supersaturation can lead to pitation and formation of aggregates,
v



therefore finding the best nucleation conditiom isrucial step. Once crystal nuclei have been
formed, the system moves, in principle, to the statale zone (Figure A2). Here, no more
nuclei are produced and crystal growth is stimalate
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Figure A2: The crystallization process can be drplh by the following phase diagram. During the
crystallization process the protein moves towardgessaturation. Crystal nuclei are only producedhia
nucleation zone. Finding the right condition, whitlaximizes the relation between protein conceminadind
other adjustable parameters are essential forrjysat nuclei to move into the metastable zone.eHprotein
crystals can grow, with no more nuclei formatioigure taken from (Chayen & Saridakis, 2008)

Vapor diffusion is the most common technique usegbrotein crystallization. Two
methods are prevalently used: hanging and sittmgsd In both cases (Figure A3) a droplet
containing the protein solution is mixed with thearge volume of a reservoir solution, which
contains a precipitant solution. The resulting tebfs then left to equilibrate against a much
larger volume of the reservoir solution. This indsi¢che transfer of water from the drop to the
reservoir. This will increase the level of saturatiof the protein sample in the drop thus,
(hopefully) triggering the production of single stgls. The quality of the crystals can then be
defined by:

o  Size, crystal habit or shape

o] Mosaicity: crystals are made up of “building” blacKunit cells), which are

angularly misaligned, deviating from the ideal beba Mosaicity is also affected

by the crystal-freezing step.



o] Resolution limit: depends mostly on the amounta¥ent in the crystal and the
flexibility of the protein in arrangement of theiucells.
o] Radiation lifetime (Helliwell, 1992).

Like all crystals, those of protein molecules astdéffraction gratings for X-rays with
the analysis of the resulting diffraction pattelowing the determination of the structure of

the protein molecule contained in the crystals.
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Figure A3: Hanging and sitting drops. Both protacate used for protein crystallogenesis and ttdkartage of

vapor diffusion technique (Li et al, 2001). Figutaken from http://hamptonresearch.com.

3.  X-ray diffraction and application to protein crystallography

X-rays were discovered by Wilhelm von Rontgenhe tate 18 century. X-rays are a
form of electromagnetic radiation with a wavelengththe range of 0.01 to 10 nm, which
corresponds to an energy range between 120 eV 20#elV. They are called “soft X-rays”
when they have a wavelength of more than 2A aneract strongly with air (absorption
phenomenon) and water. X-rays with a shorter wangthe are much more penetrating and,
especially when in the range of 0.5-1.6A, can hieble for protein crystallography.

In order to determine the crystal structure of ratggn we need to perform an
experiment of X-ray diffraction. Interaction of ident waves with the crystalline sample
results in the generation of a diffracted beamyf@gA4), only if the scattered rays of each
repeating unit are all in phase. If we considet tharystal comprises layers of lattice points,
acting as mirrors, we can hypothesize that X-rajshe scattered by the first plane, while
other rays will pass through and will be scattelpgdthe second layer and so on. The two
mirrors will scatter in phase only if the differenn path length of the beams reflected from

the various layers is an integer number of wavdtefig.) (Figure A4). It is thus possible to
VI



define the condition for diffraction to occur froamy given plane, as defined by the Bragg's
law:
nA = 2dsiné (Eq. Al)

S dsing

— ™ ® ° *—

Figure A4: Bragg's reflections generated by a thdeeensional lattice. Figure taken from

http://photonicswiki.org

Scattering of incident radiation from atoms inrgstal can be mathematically described
by thestructure factor (Coppens, 2006):

_R «in?
Foo = D T, exd27i(hx +ky, +1z, )] ex;{B‘;nH} (Eq. A2)
N

where f; is the atomic scattering factor of th# atom, B is the Debye-Waller factor,
accounting for the thermal motion of the atoms &ang andz are the positional coordinates
of theith atom. The structure factor(ff contains information about the unit cell contents
and about the amplitudehm | and phase of the scattered wave (Blow, 2002).

Structure factors are related to the electron ilefunction p(x), by applying a Fourier
transform (Aubert & Lecomte, 2007):

p(x%y.2)= ViZ Fua expl27i(hx+ ky +12]] (Eq. A3)

hkl
An electron density map can thus be reconstruateldtie crystal structure “solved” once in

possession of both amplitude and phase informé#&tioeach structure factor.

3.1. The phase problem
The photons diffracted from a protein crystal @&orded on a detector, which is able to

measure the intensity of each diffracted bedg).(To solve a crystal structure we need

Vi



information about both the amplitudes and the phaxfethe diffracted waves in order to
reconstruct the exact position of the scatterirgnat The amplitudes|Fhk| |) are known,

since they can be derived directly from the meabumensities| Inq]| :

‘Fhkl‘ O T (Eqg. A4)

In contrast, phase information is lost and we rteedkrive this for each structure factor
in order to reconstruct the molecular structure.Structural Biology the so-calleghase
problem is generally solved in one of three ways:

* Molecular Replacement
»  Single/multiple isomorphous replacement

* Anomalous dispersion

3.1.1. Molecular Replacement

Molecular Replacement (Mol.R.) is a phasing teghaj which takes advantage of
the prior knowledge of a known crystal structure@®l), suggested to share a relatively high
degree of similarity with an unknown crystal sturet (target). The Mol.R. method is based
on the correlation of the Patterson map generatad the model crystal structure with the
Patterson function derived from the data colledtedh the target structure. THeatterson

function (Equation 5) produces an inter-atomic vector map.

PU.V,W)= \i hiwil;F(hkl)z texd- 27i(hU + KV +I1W)] (Eq. A5)
The crystal structure of the target molecule caisddved when the Patterson map for
the model crystal structure superposes well withrttap generated from the target structure.
Two functions are crucial for the superpositiontbé two Patterson maps: thetation
function, which determines the orientation of the modethia new unit cell (target), and the
translation function, which searches for the right translation, witbpect to the origin of the
new unit cell, of the correctly oriented model (Taay 2010). Once the best model has been
found, Mol.R. programs, like Phaser (McCoy et @&02), AMoRe (Navaza, 1994), MolRep
(Vagin & Teplyakov, 1997) for instance, try sevepalssible orientations and positions in
order to match the observed diffraction (experimpevith the predicted diffraction (model)
(Figure A5). Phases are then taken from the rotaedtranslated model structure and used in
VI



combination with the observed structure factor atmgés for the calculation of an initial

electron density map (Evans & McCoy, 2008).

Rotation

“Thg

(- ir.\' % Xinoded

Homology model

new = R x!]t‘.\\v'+ t

Unknown structure

Figure A5: Process of how Mol.R. works for placengimilar crystal structure in the right positiondrder to
have a good set of phases for a target crystaitates Figure taken from (Taylor, 2010).

3.1.2. Isomorphous replacement

The isomorphous replacement method is based onadimparison of different data
from two crystals, one that carries one or morevhestoms (called derivative), which
therefore scatter X-rays more than light atoms, ane crystal that does not contain such
heavy atom scatterers (calledative’). Heavy atoms can be incorporated chemically @y
iodination of phenylalanine residues (Xie et alp£2)), by soaking the crystals in a solution
containing the heavy atoms (Carvin et al, 2001),bprgenetic engineering (i.e. seleno-
methionine incorporation (Doublie, 1997)). Howeuese incorporations can cause changes
in the crystal properties meaning that native arefivetive crystals are no longer
isomorphous. Such non-isomorphism can lead to uracy of the phase determination.

The Harker construction (Figure A6) provides theages for the native protein
structure. When one data set for the native andf@nthe derivative form are collected, the
Patterson map allows determining the heavy atortipoes. This means that both amplitudes
and phases for the heavy atom are determined. $uecstructure factor of the heavy atom

derivative (| Fle ) is the vector sum of the structure factor of lleavy atom alone|a:H |)



and the structure factor of the native proteinka1y$| Fp | ), the possible phases can be drawn
geometrically, using the mentioned Harker constoncfFigure A6).

Both Single (SIR) / Multiple (MIR) Isomorphous Rapement can be used as
methods for phase determination (Figure A6-A). 8#Ruires only one derivative in addition
to the native crystal but results in a phase anityigin which two equivalent solutions are
possible (Figure A6-A) (Taylor, 2010). In the cask MIR the phase ambiguity is, in

principle, resolved (Figure A6-B). However, morartione derivative crystal is needed.

(A) (B)

Figure A6: Harker construction for isomorphous aggiment case. A) Harker diagram for Single Isomauph
Replacement (SIR) where two possible phases calrdven. B) Harker construction for Multiple Isomorqls
Replacement method (MIR). Figures taken from (Tigy2603).

3.1.3. Anomalous dispersion
When we perform a diffraction experiment on at@iro crystal, we normally assume

that, for reflections related by a centre of inw@nsFriedel’'s law is true (Friedel, 1913):
‘Fhkl‘:‘Fm‘ and P = O (ERB-AT)

However, if there is an anomalous scatterer (ayhatom for instance present in the

crystal), then this is no longer the case fiyg| # |Fy;| (Figure A7).
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Figure A7: Representation of the breakdown of Fefsdaw when an anomalous scatterer is preseatcirystal.

Figure taken from (Taylor, 2010).

One of the most widely used techniques for plaetermination is the anomalous
dispersion method, which takes advantage of strectactor differences when anomalous
scatterers are present in a crystal. Anomalougestaj takes place when incident photon
energy is closed to the transition energy of amatoringing it to an excited state (Taylor,
2003). In this particular case, the radiated endv@y a different phase and the intensity of
scattering is also reduced. Modified methioninedss, in which the S atom is substituted
by a Se (heavier than the sulphur), are largelyd dse anomalous experimental phasing
(Doublie, 1997).

Dispersive term
l ébsorption term

SO, 1) =£(8) + 1" (A) + if"(A)

2 f"[ ——

Electrons

10 000 12 000 14 000 16 000
X-ray energy (eV)

Se K edge = 0.9795 A

Figure A8: Representation of the theoretical anouskcattering of Selenium atoms around the K altisor

edge. Absorption and dispersive terms are indic&tgire taken from (Taylor, 2010).
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When taking into account anomalous scatteringatbmic scattering vector is defined as:
£(6,4)=1,(6)+ £'(2)+if "(A) (Eq. A8)

wherefy is the atomic scattering vectdi(1) is the factor representing the amount of normal
scattering reduced at andf’( 1) is the amount of 90° out-to-phase scattering @Blow,
2002) (Figure A8). The advent of tunable beamlihese made the anomalous scattering
technique more powerful and suitable for the anslgd a broad range of heavy atoms,
avoiding also the need for several crystals and tuercoming non-isomorphism problems.
Anomalous dispersion can overcome the non-isomsmplproblem. Data are collected from a
single crystal at several, typically three, wavgls (Multi-wavelength Anomalous
Dispersion, MAD (Figure A9-A)) or only one (Singkavelength Anomalous Dispersion,
SAD (Figure A9-B)).

(A) (B)

Figure A9: Harker constructions for anomalous disjp; case. A) Harker construction for Multi-wawsdgh
Anomalous Dispersion (MAD). Three different datéssare collected from the same crystals, at thifferent
wavelengths. The signal extrapolated from the tlu&@ sets allows unambiguous determination ofptiese
angle. B) Harker construction for Single-wavelengthomalous Dispersion (SAD). Possible phases are
indicated with red circles. Figures taken from (lbay2010).

3.1.3.1. MAD phasing: principles
In order to maximize the absorption and dispergffects (Equation A8), three

data sets are collected at three chosen waveleragibss collected at the absorptidt) peak
Xl



(A1) corresponding to the absorption K-edge of thensalous scatterer; one at the inflection
point (.;) where the dispersive terfhreaches its minimum; the last one is collecte@ at
remote wavelength§ and/ord,) in order to maximize the dispersive difference¢Taylor,

2010) (Figure A10). Figure A9-A represents the Harkonstruction for a MAD experiment

which yield a unigue solution for the phase.

A,

- 1

e

Oe =

X-ray energy (eV)

Figure A10: MAD phasing. Experimentally measuregdaption edge for an anomalous scatterer, showiag t
wavelengths at which data are collected for maxatmn of the anomalous signal. Figure taken froray(dr,
2010).

Radiation damage, however, needs to be takeragttount, since fully redundant and,

in the case of MAD, more than one complete datasedls to be collected.

3.1.3.2. SAD phasing: principles

SAD experimental phasing is becoming more and rpoweerful, since only one
data set may be sufficient to solve the phase pnebHowever, compared to MAD, in which
data are collected at three different wavelengttisifthe same crystal (in correspondence of
the absorption peak, inflection point and high/lemergy remote), phase ambiguity needs to
be resolved (Figure A9-B). This issue is overcomesimploying density modification tools,
like DM (Cowtan, 2010; Cowtan & Zhang, 1999), RES_(Terwilliger, 2000) etc., which
use solvent flattening, histogram matching and N@&aging for modifying an initial
electron density map to generate a new set of phddwese are then combined with the

experimental phases to calculate a new electrosityemap, possibly suitable for model
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building programs, such as ARP/WARP (Langer e2@08), BUCCANEER (Cowtan, 2006)
or Phenix_AutoBuild (Terwilliger et al, 2008).

4. Small Angle X-ray Scattering

Small Angle X-ray Scattering (SAXS) is a techniquielely used to obtain low-resolution
information on protein structures. Scattering of gample is measured at very low angles
(0.1-10°) resulting in the determination of the mle protein shape and size, gain of
information regarding protein folding/unfolding/aggation and finally conformational
changes (Putnam et al, 2007). In a SAXS experimenat is measured is the difference in

average electron density of the solu;{?j (protein molecules in our case) and the

surrounding liquid phasg, (the buffer in which the protein is resuspended):

Apm = pm—ps
(Eqg. A9)

In SAXS the scattering curvegl( once the buffer has been subtracted, is isatr(ipe
scattering is symmetric) due to the randomly-oeendistribution of the molecules in
solution. 1Q) is measured as a function of the momentum transfe

q = (47 sin 6)

A (Eg. A10)
where 3 is the scattering angle afidhe wavelength of the incident X-rays. The scattgr
curve of a mono-disperse sample, essential condiiio SAXS, can be derived from the P(r)
(pair distribution) function:

1(q)= 477D_Tax P(r )7sin (rqr )dr

q (Eq. A11)

where Dhax is the maximum dimension of the scattering paeticThe pair-distribution
function P(r) in Small Angle Scattering is consgtiito correspond to the Patterson function

in X-ray crystallography (Figure A11).

4.1. The Pair Distribution function
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The pair distribution function provides directanination about the distances between
electrons in the scattering particles in the sar(ilegnam et al, 2007) (Figure A11). The Pair
distribution function can be used for calculatidrradius of gyration (B) and the scattering
intensity at zero anglegjland does not only take into account the regiothefdirect beam,
as the Guinier approximation does. Calculation ofenular weight is much more accurate if
the P(r) is taken rather than the Guinier regiapeeially where the latter is affected by
partial inter-particle effectsg is evaluated from the lowegtvalue and is represented as the
square of the number of electrons in the scattenel, therefore, is unaffected by particle
shape (Putnam et al, 2007).

Crystal Solution
° °
) L N ]
[ ] [ ] °
® o
[ ]
o o :
L ]
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Patterson Function Pair-distribution Function
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Figure Al1l: Comparison of the Patterson autocditglaand the pair-distribution autocorrelation ftions. A
theoretical two-dimensional molecule of four atasiplaced in an arbitrary two-dimensional crystatolution.
The Patterson function contains cross peaks faryem&eratomic distance in the crystal and thessgpeaks in

the u, v plane, are indicated by circles and red#i@ctional information about their positions hetcrystal. The
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pair-distribution function, on the other hand, fgse distances but not directions within each scit unit.

Thus, all equivalent distances in the four-atomeunole add-up. Figure taken from (Putnam et al, 2007

Globular macromolecules have a P(r) function wittsimgle peak, while elongated
macromolecules have a longer tail at large r amdh@eve multiple peaks (Figure A12). The
maximum length in the particle,\x, is the position where the P(r) function returmzéro

at large values of r.

—— unfolded protein
—— multidomain protein
—— globular protein

1.01

a 0.51

max

-— 0

0.0

90 120

0 30

60
r(A)
Figure A12: Pair distribution function profiles pfoteins with different quaternary structures. Fegtaken from
(Putnam et al, 2007).

Disagreements for values ogRind | calculated from the P(r) function and from the
Guinier plot can indicate small amounts of aggregethat primarily affect the low resolution
data and the accuracy of the Guinier plot. Guimipproximation uses the Small Angle
values for estimation of thedRfollowing the formula in Table A1l (Putham et 2007).

SAXS experiment can also provide clues regardhey fblding state of thesample
(Figure Al13). Extrapolation of data at highgwalue provides information concerning the
molecular shape. For folded molecules, the intgridiscattering can be described as follows
(Porod’s law, (Glatter & Kratky, 1982)):

(@)D g™ (Eq. A12)

This is directly calculated from the scatteringveuand plotted agl(q) asa function of
g, named a&ratky plot (Kratky & Porod, 1949).
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Figure A13: Kratky plot for protein in folded, peaity folded and unfolded state. Figure taken fr@gtatnam et

al, 2007).

The Kratky plot identifies unfolded samples. Glt@sumacromolecules follow Porod's

law and have bell-shaped curves (Figure Al3). Eldnmolecules, such as unfolded

peptides, lack this peak and have a plateau oslayetly increasing in the largerrange. In

the presence of elongated proteins, the Debye appation is more appropriate (Debye,

U

1947):
Parameter Formula Range of Data used and variable
definitions
Radius of q°R2 gRg<1.3 in case of globular,
Gyration Ro): In[1(a)] = In[1 ()] - 3 gRg<0.8 in case of elongated

Guinier
approximation

molecules

Radius of
Gyration Rg):
Debye
approximation

l*2)

gRg<1.4 for elongated molecule

Formulas for elongated or flexibly linked linear

oramolecules

Radius of q°R2 Intermediatey values
Gyration of In[al ()] = In[a1 (0)] - —ZXC
cross-section
(Rxd)
Length (L) SeeR; andRxc

L= (R - Re )
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Table Al: Basic formulas for Small Angle ScatterifiRadius of gyration Ris calculated considering the
formulas above, which take into account differeppraximations related to the particular shape & th

macromolecules.

SAXS data are really useful for the determinatidrthe so-calledab initio envelope,
which can be extrapolated from the scattering cufva macromolecule in solution. Tools
like DAMMIN, GASBOR, DAMMIF (Svergun, 1999; Sverguet al, 2001b) allow to
determine the overall shape of a target molecuiepugh mathematical algorithms that
randomly place “dummy” spheres, or residues, inaxbdefined volume and, finally, refine
them against the scattering curve.

Comparing crystallographic models to Small Angtatgering curves is very useful for
understanding the influences of the crystal lattare the atomic structure. The crystal
structure is likely the lowest energy state undgstallization conditions; however, it is not
necessarily the lowest energy state in solutiomysudies have suggested that the effects of
the crystal lattice do not alter the folding of dairs, but rather influence the conformations
adopted by flexible termini or linkers between damsgPutnam et al, 2007). SAXS tools are
readily available for comparing experimental cureésained from protein in solution with a
theoretical scattering curve derived from a modelltbstarting from a crystallography
structure (CRYSOL, (Svergun et al, 1995)). Forniatabf they® value (Eq. A13) has been

introduced for evaluation of the goodness of fit:

{ 10 )orp = €1 (0 )i T

J(qi )

1
2 -
X _NP—lZ‘

(Eq. A13)
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ABBREVIATIONS

ABC: ATP-Binding Cassette

ADP: Adenosine 5’-Diphosphate

ATM: Ataxia Telangiectasia Mutated

ATP: Adenosine 5'-Triphosphate

ATPase: ATP hydrolase

BER: Base Excision Repair

bp: base pair

kDa: kilo Dalton

DDR: DNA Damage Response

DLS: Dynamic Light Scattering

DMSO: Dimethyl sulfoxide

DNA: Deoxyribonucleic Acid

dNTPs: Deoxyribonucleoside triphosphates
dsDNA: double strand DNA

ssDNA: single strand DNA

DR: Deinococcus radiodurans

DSB: Double Strand Break

DTT: 1,4-Dithio-DL-threitol

EB: Elution Buffer

EDTA: Ethylene diamine tetra-acetic acid
EMSA: Electrophoretic Mobility Shift Assay
ESDSA: Extended Synthesis DNA Strand Annealing
EtBr: Ethidium Bromide

FRET: Fluorescence Resonance Energy Transfer
mg: milligram

ug: microgram

GF: Gel Filtration

h: hour

HF: High Fidelity

His: Histidine



HR: Homologous Recombination

IMAC: Immobilized Metal ion Affinity Chromatography

IPTG: Isopropyl-b-D-thiogalactopyranoside

IR: lonizing Radiation

LB: Lysogenic Broth

LDH: lactate dehydrogenase

LLG: Log Likelihood Gain

M: Molar

mM: Millimolar

uM: Micromolar

nM: Nanomolar

pmol: Picomoles

MAD: Multi-wavelength Anomalous Dispersion

SEC-MALLS: Size Exclusion Chromatography coupled/alti-Angle Laser Light
Scattering

min : minutes

ml: Millilitre

ul: Microlitre

nm: Nanometre

MMR: Mismatch Repair

Mol.R: Molecular Replacement

MR: Mrel1-Rad50

MRN: Mre11-Rad50-Nbs1

MRX: Mrel1-Rad50-Xrs2

MW: Molecular Weight

NBD: Nucleotide Binding Domain

NER: Nucleotide Excision Repair

NHEJ: Non Homologous End-Joining

NTA: Nitrilotriacetic acid

OD: Optical Density

PCR: Polymerase Chain Reaction

pdl: polydispersity index

PEG: Polyethylene glycol



PEP: Phosphoenolpyruvate

PK: Pyruvate kinase

rpm: revolutions per minute

Rec: Recombinase

RFZ: Rotation Function Z-score

RT: Room Temperature

SAD: Single-wavelength Anomalous Dispersion
SAXS: Small Angle X-ray Scattering
SDS-PAGE: Sodium Dodecyl Sulfate Polyacrylamide Bektrophoresis
SEC: Size Exclusion Chromatography

Se-Met: Selenium Methionine

SMC: Structural Maintenance of Chromosomes
SSB: Single Strand DNA-Binding protein
N-terminus: Amino-terminus

C-terminus: Carboxyl-terminus

TEV: Tobacco Etch Virus

TFZ : Translation Function Z-score

TLS : Translation/Libration/Screw

TOPO : DNA Topoisomerase

UV: Ultra-violet
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